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A STUDY OF THE BANTU FEMALE PELVIS 


By O. S. HEYNS, Department of Obstetrics and Gynaecology, University of the Witwatersrand 


INTRODUCTION 


During the past decade many contributions have 
been made towards an understanding of the female 
pelvis and its influence on labour. Radiology has 
rendered possible more accurate observations on 
aspects of the pelvic anatomy which, in a given 
individual, could not be otherwise assessed for pro- 
gnostic purposes with any degree of precision; and 
X-ray pelvimetry grows daily more reliable through 
improved technique. In the past an impression of 
the average pelvis occurring in a racial group had 
to be gained from mensuration of skeletal material 
seldom readily available, and from a clinical pelvi- 
metry so superficial in effect that through it no 
advance in this branch of anatomy was discernible. 

It is difficult, nevertheless, to escape the con- 
clusion that study of skeletal material affords an 
opportunity of greater precision in observation and 
measurement, and, mainly because of dissatisfaction 
with the accuracy of X-ray pelvimetry, greater 
store is set upon the findings obtained from the 
present rather small series of pelves than upon 
those which will shortly be acquired from the Bantu 
living subject. 

Thoms (1935) and Caldwell, Moloy & D’Esopo 
(1933, 1984) in the United States of America have 
analysed the features of the obstetric pelvis, as 
have Nicholson (1938) and Ince & Young (1940) in 
England: valuable knowledge concerning pelves 
from the East and elsewhere is also available; it is, 
therefore, opportune to assess the average female 
Bantu pelvis and determine its range of anatomical 
variation. 

Gillman (1929) and Shore (1930) published 
anatomical studies on the Bantu sacrum; Orford 
& Wells (1936) studied 100 Bantu women on the 
basis of body habitus and of measurements ob- 
tained by clinical pelvimetry; and Orford (19384) 
described the Bush pelvis in comparison with a 
small series of Bantu pelves. There apparently 
exists no study of a series of female Bantu pelves 
comparable numerically with the present. Although 
the number of specimens is still small, it lays a 
foundation for further study of the Bantu pelvis. 


MATERIAL 


The skeletal material used was obtained from the 
Department of Anatomy, University of the Wit- 
watersrand, where the disarticulated pelves are 
preserved. The selected female pelves, all Bantu, 
were known to be fully mature, being taken from 
dissected cadavera of known age, race and sex. 
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For the present study 80 pelves were examined. 
Of these, 67 pelves were adult Bantu, 2 were Bantu 
aged 13 and 15 years respectively, and 11 were from 
individuals of mixed ‘coloured’ Eurafrican race. 
The study concerns the 67 adult Bantu pelves only, 
and all measurements refer to this group. (Totals 
of 64, 65 or 66, however, indicate an occasional 
impracticability of measurement owing to damage 
or gross malformation.) The races included in this 
group of 67 were: Basuto 24, Xosa 14, Zulu 11, 
Fingo 7, Swazi 2, Barolong 2, Bechuana 2, Tembu 
1, Pondo 1, ? Mochopi 1, and 2 unknown. 


METHODS 


Plasticine and plaster of Paris proving unsatis- 
factory for the articulation of the disarticulated 
pelves, this was effected by ‘Metallic-X’, applied 
to the sacro-iliac articular surfaces, the bones being 
carefully positioned in wet sand until this adhesive 
hardened. Frequent inspection was made of the 
pelves during the hardening period, and the 
accuracy of articulation was again checked after 
theit removal from the sand-bath. 


MEASUREMENTS 


The following measurements present no difficulty 
of assessment: the interspinous, intercristal, dia- 
gonal conjugate, antero-posterior of the cavity, 
height of the symphysis, external oblique, maximum 
height of the pelvis, interspinal distance, antero- 
posterior of the outlet (pubo-sacral diameter). 

The following diameters are more difficult of 
standardization: transverse of brim, oblique of 
brim, depth of pelvic basin. The following measure- 
ments are often based on subjective impressions: 

Conjugata vera, which may be the anatomical or 
the obstetrical conjugate. The former is measured 
to the anterior continuation of the ilio-pectineal 
line and is not always well defined; the latter is 
shorter and is measured to ‘a point on the summit 
of the inwardly projecting eminence which lies a 
little below the upper end of the symphysis pubis’ 
(Ince & Young, 1940). 

Width of sacro-sciatic notch (ischial spine to lateral 
edge of sacrum). This is usually measured to a point 
on the lateral edge of the sacrum, midway between 
the lowest two posterior sacral foramina. 

Transverse of outlet (inter-tuberal diameter). The 
tuberosities of the ischium are such large masses of 
bone that this measurement is frequently based on 
subjective impressions. 
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Anterior sagittal diameter of outlet: posterior 
sagittal diameter of outlet. These depend for their 
length on the position of the intertuberal diameter 
already considered. 

A large sacral promontory projecting far across 
the pelvic basin unjustifiably shortens the con- 
jugata vera and lowers the pelvic index. Reliance 
on the basic value of this diameter, still persistent 
in obstetrics, can make a pelvis appear small, 
whereas the area of the pelvic brim, discounting this 
encroachment of the promontory, may be larger 
than the estimate by as much as 10 sq.cm. Even if 
the conjugate is shortened sufficiently to obstruct 
passage of the foetal head, the transverse diameter 
of the brim may be absolutely increased and allow 
easy engagement of the head. The pelvic cavity 
below this plane would then, all things being equal, 
easily accommodate the head. 

Some measurements are purely anatomical and 
are accurate for purposes of comparison (e.g. the 
interischial spine diameter), some are based on 
obstetrical considerations (e.g. the obstetrical con- 
jugate and the transverse of the brim as seen radio- 
graphically), and some are valueless to both anato- 
mist and obstetrician (conjugate diameters of the 
brim employing the promontory as one extremity). 


RESULTS 


The following classification (Table 1) of Bantu 
pelves examined is based on the standards laid 
down by Caldwell et al. (1933, 1934), whose paper 
(1934) presented a classification of 215 American 
white pelves, the figures relevant to which are here 
given in brackets after the Bantu figures. 

With a few exceptions, the table shows a fairly 
close correspondence between the two sets of 
figures. The true anthropoid type, for instance, 
occurs in much the same proportion in both the 
Bantu and the American white series. But if this 
group is taken together with the pelves showing 
anthropoid tendencies, the Bantu incidence is 37 %, 
and the white 26 %. The difference here is 1-5 times 
its standard error and may be significant, but this 
ean only be established by analysing more Bantu 
pelves. 

The true gynecoid type—-the nearest approach 
to what is considered to be the ideal female pelvis 
—occurs in 28 % only of Bantu pelves as compared 
with 40% of whites. This difference is 1-9 times 
its standard error. This might be regarded as 
significant, were it not for the fact that the gynecoid 
type with corresponding tendencies (e.g. anthro- 
poid, flat, narrow fore-pelvis) occurs with much the 
same frequency in both series. 

While it was surprising that the true android 
type actually has a lower incidence (9:12 %) in the 
Bantu, the difference found is not significant. If 
all pelves exhibiting android tendencies are grouped 
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together, the Bantu percentage is found to be 20 
as compared with 22 in the American series. 

The tendency to flatness occurring both in the 
gynecoid and in the android type shows in each 
case nearly twice the percentage in the Bantu series 
as in the other. The gynecoid figure at 6-0% and 
the android at 3:0% are so low as to lack signi- 
ficance. If this tendency were established in a 
larger series, it might be suggested that the under- 
lying cause is associated with some factor such as 
rickets which is so prominent during Bantu 
childhood. 

The purely asymmetrical form shown could not 
readily be subclassified. Where asymmetry occurred 
in pelves of other types, an alternative diagnosis 
was made. While antenatal experience of the Bantu 
pelvis raised anticipation of a high incidence of 
asymmetry at the pelvic brim, the frequency with 


Table 1. Bantu pelves 
(Caldwell and Moloy classification) 


American white figures in parentheses 


Per- 
No. of centage 

Classification pelves incidence 
True anthropoid type 9 (25) 13-4 (11-6) 
Anthropoid with gynecoid tendency 8 (14). 11-9 (6-5) 
Gynecoid with anthropoid tendency 4 (10) 6-0 ( 4:6) 
Gynecoid with narrow fore-pelvis 8 (24) 11-9 (11-1) 
True gynecoid type 19 (85) 28-4 (39-5) 
Gynecoid with flat tendency 4 (7) 6-0 (3-3) 
True flat (platypelloid) type 1 (2) 1:5 (0-9) 
Android with anthropoid tendency 4 (8) 6:0 (3-7) 
Android with gynecoid tendency 1 (11) 15 (5:1) 
True android type 6 (25) 9-0 (11-6) 
Android with flat tendency 2 (4) 3:0 (1-8) 
Asymmetrical forms 1 (4) 15 (1-8) 


which asymmetry was found compelled considera- 
tion of the warping which is liable to occur in 
macerated skeletal material. Caldwell & Moloy 
(1938) refer to work by Todd on the skull and femur, 
and state that in a personal communication Todd 
claimed that ‘shrinkage with distortion of inlet 
measurements is particularly marked in the pelvis’. 
Where minor degrees of pelvic brim irregularity can 
be palpated clinically, it is usually the left side of 
the brim that is contracted: the generous curve at, 
and anterior to, the sacro-iliac joint shows a ten- 
dency to be straightened. This is the case in so 
many Bantu women showing minor degrees of 
pelvic disproportion that one hesitates to place 
reliance on these findings. In the skeletal material 
it is almost invariably the left side which displays 
a contracture, as is shown by the fact that the right 
oblique diameter of the brim exceeds the left almost 
without exception, the means of these dimensions 
actually differing by 1-4 mm. 

The asymmetry indicated below is based on the 

















difference between the two oblique diameters of 
the brim: 


Difference of 1:0cm. 2 pelves (3-0 % of total) 
or more 
Difference of 0-6cm. 9 pelves (13-4 % of total) 
to 0-9 em. (inclusive) 
Difference of 0-3cm. 15 pelves (22-4% of total) 


to 0-5 cm. (inclusive) 


Twenty-six( or 38-8 %) pelves showed a difference 
of 0-3 cm. or more in the lengths of the oblique dia- 
meters of a given brim; 16 (or 23-9 %) showed this 
difference to be not less than 0-4cm.; and 11 (or 
16:4%) gave a difference of more than 0-4cm. In 
the notes on individual pelves ‘asymmetry’ was 
recorded where on inspection the brim showed this 
character. Measurement revealed that this note 
was made in every case where the difference be- 
tween oblique diameters was above 0-5 cm., but 
that it was not made in 5 of the cases where the 
difference lay between 0-3 and 0-5 cm. It appears, 
then, that a difference above 0-5cm. is readily 
appreciable on inspection because it causes an 
obvious distortion of the pelvic brim. 

It cannot be accepted that this distortion oc- 
curred wholly during maceration, if only for the 
reason that the ‘mixed race’ pelves showed much 
greater asymmetry. Out of 11 pelves in this group, 
the oblique diameter differences in 5 were respec- 
tively 1-8, 0-9, 0-9, 0-7 and 0-5 cm. If warping of 
the bone occurred during drying, why should this 
have been more marked in the case of the non- 
Bantu coloureds? The age of the subjects throws 
no light on the problem which, it is felt strongly, 
calls for further study. 


Analysis of pelvic dimensions 


Table 2 presents the figures of the pelvic dimen- 
sions in toto, viz. linear measurements, certain areas, 
indices and some calculated values. Before dealing 
with these in detail, the pubic arch must be con- 
sidered in order to bring out the feature of the 
Caldwell-Moloy plan of classification. 


The pubic arch 


Despite attempts to estimate the subpubic angle 
in degrees, it must be realized that the shape of the 
arch is rounded, not angular, and that it is only the 
narrow arch with straight rami that lends itself to 
such estimation. A well-curved arch (sometimes of 
a marked Norman arch appearance) with eversion 
of the antero-inferior edges of the rami is the female 
tendency and the obstetric ideal. In such, only the 
portion of the arch near to the symphysis pubic is 
of importance obstetrically: this portion is rounded, 
with part of it lying outside the angle enclosed by 
the lower aspect of the symphysis and the rami in 
the region of the ischial tuberosities. Hence the 
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pubic arch must be assessed subjectively, and here 
again Caldwell and Moloy’s classification, em- 
bracing narrow, moderate and wide forms, has been 
followed. 

The table shows that the android pelvis in Bantu 
material tends to have a narrow subpubic angle 
which is ‘straight’ to ‘curved’, that its pelvic basin 
tends to be deeper than the average, and that the 
vast majority of the bones are heavy. The Bantu 
gynecoid pelvis has almost opposite characters ; and 
the pubic arch of the Bantu anthropoid pelvis is 
intermediate between these two types. 

For the entire Bantu series of pelves the narrow 
pubic arch occurs in 37 %, but in 85 % of the android 
type: this is significant, the difference being ‘about 
five times its standard error. The straight form of 
the arch was found in 54 % of the android type, and 
in 26 % of the whole series: this difference is a small 
fraction less than twice its standard error, and 
cannot be regarded as significant, but if the straight 
arch percentage in the android pelves be compared 
with that of all other pelves in the series, the differ- 
ence is more than twice its standard error. Con- 
sidering these two features together, the table shows 
a relatively high incidence of straight forms asso- 
ciated with a narrow arch. The difference between 
the narrow and all wider arches is twice its standard 
error, which is significant. The android pelvis tends 
greatly to heaviness and a deep pelvic basin. For 
both of these features the difference between the 
android and all the other types is more than three 
times its standard error, and this is highly signi- 
ficant. 

The second part of Table 3 shows that a narrow 
arch was associated with a heavy bone in 52% of 
pelves, whilst one example only of a wide arch was 
associated with a heavy bone (124%). The differ- 
ence is significant. A narrow arch may also be 
expected to occur when the pelvic basin is deeper 
than normal, for 52% of narrow arches were so 
associated, as against 26% of the other arches. 
Here the difference is more than twice its standard 
error, and is significant. 

An apparent correlation between the depth of 
the pelvic basin and the thickness of the bones is 
shown in Table 4. More than half (54%) the pelves 
with a deep basin are heavy, but only 32-6% of 
pelves with a basin depth below 9 cm. This differ- 
ence is 1-8 times its standard error, and is unlikely 
to be significant. 


Splay of the side walls 


Following Caldwell et al. (1934) the splay of the 
side walls of the pelvis was determined. Three 
degrees of wall disposition were recognized, viz. 
convergent, straight and divergent, the slope being 
judged of the pelvic lateral walls from the ilio- 
pectineal line above to the ischial tuberosities below. 
Straight or convergent walls were seen in 81% of 
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Table 2. Analysis of the dimensions of the series of female Bantu pelves. Some comparisons have been made 
with Nicholson’s rural English series (250 or 850) and Ince & Young’s London series (375 or more) 


Pelvic dimensions 
Intercristal (cm.) 
Interspinal (cm.) 
External oblique (cm.) 
Maximum height of pelvis (cm.) 
Depth of pelvic basin (cm.) 


Height of symphysis (cm.) 
Intertuberal diameter (cm.) 


Width of sacrosciatic notch (cm.) 
Conjugata vera (cm.) (obstetrical) 
Transverse of brim (cm.) 


Oblique diameter of brim (cm.) 


Antero-posterior of cavity (cm.) 
Diagonal conjugate (cm.) 


Interischial spine diameter (cm.) 
Antero-posterior of outlet (cm.) 
Post-sagittal diameter of outlet (cm.) 
Anterior sagittal diameter of outlet (cm.) 
Anterior straight breadth of sacrum (cm.) 
Midventral straight length of sacrum (cm.) 
Midventral curved length of sacrum (cm.) 
Sacral index (%) 

Curvature index of sacrum (%) 
Interspinal-intercristal index (%) 


Breadth-height index (%) 
Pelvic brim index (%) 


Area of inlet (sq.cm.) 


Area of pelvic cavity (sq.cm.) 
Area of outlet (sq.cm.) 


Sum of post-sagittal and transverse (inter- 
tuberal) of outlet (cm.) 


Origin 
Bantu 
Bantu 
Bantu, left 
Bantu, right 
Bantu, left 
Bantu, right 
Bantu, left 
Bantu, right 
Bantu 
Bantu 
London, English 
Bantu, left 
Bantu, right 


Bantu 

Rural, English 
London, English 
Bantu 

Rural, English 
London, English 
Bantu, left 
Bantu, right 
Bantu 

Bantu 


Bantu © 

Rural, English 
London, English 
Bantu 

Rural, English 
London, English 
Bantu 

Bantu 


Bantu 
Bantu 
Bantu 
Bantu 
London, English 
Bantu 


Bantu 

Bantu 

Bantu 

Rural, English 
London, English 
Bantu 

Rural, English 
London,* English 
Bantu 

Bantu 

Rural, English 
London, English 
Bantu 


No. of 
observa- 
tions 


Mean 


23-80 +0-34 
20-86 +0-38 
18-88 +0-22 
18-93 +0-22 
19-08 +0-23 
18-99 +0-21 
8-75 +0-13 
8-77 +.0-14 
3-45 +0-08 
10-20 +0-31 
10-90 +0-032 
4-92 +0-21 
4-94 +0-20 


10-76 +0-20 
11-64 


11-83 +0-044 
11-96 +0-19 
13-23 

13-06 +0-031 
12-13 +0-16 
12-27 +0-16 
11-75 +0-19 
12-26 +0-20 


9-70 +0-26 


10-54 
9-95 +0-037 
11-65 +0-20 
13-01 
11-97 40-044 
5-99 +0-26 
7-03 +0-16 


10-66 +0-16 

9-97 +0-26 
10-85 +0-30 
107-9 +2-7 
108-9 +0-43 
91-9 +0-9 


87-7 +0-91 
80-2 +0-9 
90-4 +2-0 
88-3 
90:8 +0:36 
101-23 +2-50 
121-0 
126-8 +0-66 
111-78 42-78 
88-8 +3-04 
106-7 
93-7 +0-54 
16-2 


Standard variation 
deviation 
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* Anatomical true conjugate used, thus making area greater. 
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Range 
20-9 — 26-5 
17-0 — 23-8 
16-2 — 20-6 
16-3 — 20-8 
17-3 -— 21-6 
17:0 — 20-9 

7-9 — 10-9 

7-9 - 11-1 

2-7 - 4:5 

6-6 -— 13-2 

8-6 —.13-3 

28 - 6-9 

30 - 7:0 

9-1 — 12-6 

8-35- 14-35 

8-7 — 15:0 

9-8 — 13-8 
11-0 - 16-0 
10-9 -— 15-4 
10-2 - 13-5 
10-3 - 13-7 
10-0 — 13-5 
10-6 - 13-9 

6-5 - 12-4 

8-25- 12°75 

7-5 - 11:5 
10-0 - 135 
10-25-— 15-95 

9-5 - 14-5 

35 - 8-4 

56 - 85 
9-0 — 12-7 
7-6 — 12-8 
8-5 - 13-8 
82:0 -146-2 
82-0 -141-0 
83-6 -100-0 
76-0 — 93-9 
73-3 — 88-7 
69-6 -104-4 
65-5 -113-5 
64-0 -115-0 
74-75-126-8 
86-0 —162-0 
95-0 -165-0 
85-2 -135-2 
58-1 -116-9 
76-0 —142-0 
65-0 -120-0 
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Table 8. Bantu pelves: subpubic angle 











Form Depth of Thickness of bones 
Width — A , pelvic — A . 
c A . Norman Well- basin 9 cm. Average 
Pelvic type Narrow Moderate Wide arch curved Straight orover Heavy to light 
13 android 11 2 0 0 6 "4 9 10 3 
17 anthropoid 5 ll 1 1 ll 5 5 8 9 
35 gynecoid 8 * 21 6 7 23 5 9 8 27 
65* Totals 24 34 7 8 40 17 23 26 39 
Width of subpubic angle 
25 narrow 2 14 9 13 13 12 
34 moderate 8 22 4 8 13 21 
8 wide 1 5 2 3 1 7 
67* Totals ll 41 15 24 27 40 


* The numerical difference is due to one pelvis being platypelloid and to one being asymmetrical. 


Table 4. Depth of pelvis compared 
with thickness of bones 





Thickness 
& A - 
Depth of pelvic basin Heavy Light Average 
24 9-cm. or over 13 3 8 
43 under 9 cm. 14 7 22 
67 Totals 27 10 30 


android pelves, and if this character be compared 
with its lower incidence in the gynecoid type of 
pelvis, the difference is 14 times its standard error. 
It is possible that if a greater number of specimens 
were examined, this difference might prove to be 
significant. Caldwell ef al. (1934) state that there 
is a high correlation between the splay of the side 
walls and the width of the pubic arch. In the Bantu 
series a narrow pubic arch was found in 85% of 
android type pelves, a figure which differed signi- 
ficantly from those giving the incidence in the 
gynecoid and anthropoid types. 


The sacrum 


(1) Numerical constitution. Examination of 66 
sacra showed that 4 (6%) sacra contained 4 verte- 
brae, 42 (68-:3%) sacra contained 5 vertebrae, and 
20 (80-3%) sacra contained 6 vertebrae. Of the 
sacra examined 1 had the 24th vertebra fused with 
the 1st sacral, 4 had the 30th vertebra fused with the 
5th sacral, and 4 had the 31st vertebra fused with 
the 6th sacral. 

Among the 6-piece sacra 14 showed ‘sacraliza- 
tion’ of the 30th vertebra; 4 of these exhibited 
‘lumbarization’ of the 25th vertebra of transitional 
form, 2 contained a 30th vertebra of transitional 
characters, and 4 contained 6 vertebrae plus the 
fused 31st vertebra. The last 4 specimens and the 4 
5-piece sacra with fusion of the 30th vertebra were 
classified as cases of possible pathological synos- 
tosis, though it is possible that some of these 8 sacra 


may have been examples of developmental fusion 
of the 30th or 8lst vertebra, in which case the 
incidence of this sacral variation would be higher 
than 30-3%. Shore (1930) included 6 such sacra in 
his ‘6-piece’ group: if these be rejected, the differ- 
ence between his predominantly male series and 
the present female series of Bantu subjects would 
be significant. 

Sacrum A849; 886, to which the 24th vertebra 
was fused, had 5 segments: the 24th vertebra pro- 
jected forward about an inch beyond the anterior 
surface of the body of $1; it did net enter into the 
sacro-iliac articulation, which on the left side 
showed a developmental synostosis. The age of this 
Zulu subject was 96 years. Specimen A531 (aged 
45), not included in this series because of ‘mixed’ 
race, resembled specimen A849; 886 very closely 
except for the sacro-iliac fusion in the latter. 

If the gynecoid, android and anthropoid types of 
pelvis are analysed, the distribution of the number 
of vertebrae shows nothing significant. The 6-piece 
sacrum was found most frequently in the gynecoid 
type (13 out of 35 observations), and only one of 
these showed an anthropoid tendency. In the 
anthropoid type a 5-piece sacrum seemed to be 
the rule. 

(2) Comment on 6- and 4-piece sacra. In the small 
Bantu series 10 pelves with 6-piece sacra had narrow 
pubic arches, and 10 others a moderate or wide arch. 
With 6-piece sacra Caldwell & Moloy (1933) found 
in a series of 241 pelves approximately twice as 
many narrow arches as moderate or wide ones. In 
the Bantu series there was no significant evidence 
of any contraction of the outlet in 6-piece sacra, for 
the 20 outlets concerned gave a mean area of 87-6 
sq.cm. as against 88-8 sq.cm. for the whole series, 
and ranged in area from 62-9 to 109-0 sq.cm. Only 
6 of the 20 outlets had an area below 80-0 sq.cm. 
In the Bantu pelvis, therefore, a 6-piece sacrum is 
no indication of a contracted outlet. 

Caldwell & Moloy (1933) found that 28-2% of 
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131 female American white pelves had 6-piece sacra. 
(The Bantu figure was 30-38%.) These observers 
found a 6-piece sacrum in 18-1% of 111 negro 
female pelves. Their figures for 50 white males and 
49 negro males were respectively 38-0 and 12:5%. 
The difference in the incidence for males and 
females—taking white and negro stocks separately 
—is not significant. Whether the 6-piece sacrum 
occurs more frequently in females than in males is 
not known, and against such possibility is Caldwell 
& Moloy’s figure of 88% for white males against 
28-2% for white females. But in their series there 
were 37 female pelves with long sacrum to 19 male 
pelves, and it may be chance that the male per- 
centage exceeds the female. 

Shore (1980) studied the vertebral column in 82 
Bantu skeletons, including 17 females. Out of 81 
sacra 17 (21%) contained 6 vertebrae, and 64 con- 
tained 5 vertebrae: no 4-piece sacrum was found. 
In the present Bantu series 4 sacra had but 4 verte- 
brae; in addition, a Morolong (Bantu) pelvis from 
a subject aged 13 years, and a Shangaan pelvis 
aged 15 years, had perfect 4-piece sacra, though on 
grounds of age they were discarded in this study. 
Shore, therefore, found a lower incidence of 6-piece 
sacra and no 4-piece sacra in his predominantly 
male collection. Le Double (1912) found the 4-piece 
sacrum rare in racially mixed European material: 
in his series of 1528 sacra, 170 (11-1%) were 
6-pieced, 1341 +(87-7%) were 5-pieced, and 17 
(1:2%) were 4-pieced. The corresponding female 
Bantu figures were 30-8, 68-3 and 6%. For 6-piece 
sacra, the difference between Shore’s and Le 
Double’s incidence is more than twice its standard 
error; the difference between the Le Double and the 
female Bantu incidence is 3} times its standard 
error, and may, therefore, be considered significant. 
But the difference between the incidence for 
American white sacra and Le Double’s European 
sacra is even more marked, being four times its 
standard error. For 4-piece sacra, if the 2 young 
sacra be included, the difference between Le Double’s 
and the female Bantu incidence is more than twice 
its standard error, and this also is significant. The 
same applies when Shore’s series is compared with 
the present. 

Le Double’s series was comprised of foetal and 
post-natal specimens of both sexes and of various 
ages. It cannot be suggested, therefore, that the 
female may exhibit the 6-piece or the 4-piece 
sacrum more frequently than the male. It is cer- 
tain, however, that this sacral aberration is much 
commoner in Bantu and in American white material 
than in European material. Phylogenetically, the 
vertebral column has undergone a shortening of 
the thoracico-lumbar region. Keith (1923) con- 
sidered this to have occurred when the pronograde 
gave way to the orthograde attitude, with a secon- 
dary lengthening when the plantigrade posture was 
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adopted. Shore (1930) stated that ‘if the mode of 
fixation of the lower limb girdle to the vertebral 
column is to remain of the same mechanical order, 
in spite of a tailward shift of the lower limb, the 
inclusion of an additional vertebral unit in the 
sacrum is an obvious necessity’. 

(8) Shape of lower end of sacrum. Following the 
Caldwell, Moloy & D’Esopo scheme, the terminal 
sacrum has been considered as either blunt, or 
average (where rounded), or as dagger-shaped. Of 
66 sacra, 27 had blunt lower ends, 28 average, and 
11 dagger-shaped tips. Most dagger-shaped tips 
(7) were found in gynecoid pelves, 2 in android 
pelves, and the two most typical anthropoid pelves 
had dagger tips. 

(4) Inclination of sacrum (Table 5). The ten- 
dency in the android sacrum is to be forward rather 
than average or backward: 54% of these sacra 
were inclined forward as against 17 % for the whole 
series, a point of significance. 


Table 5. Inclination of sacrum 


Average Backward Forward 
Pelvic type no. no. no. 
34 gynecoid 26 5 3 
13 android 5 1 7 
17 anthropoid 13 3 1 
64 Totals 44 9 11 


(5) Dimensions of the sacrum. The mean of the 
anterior straight breadth was 10-66 + 0-16 cm., and 
of the midventral straight length 9-97 +0-26 cm. 
The sacral index (i.e. the above breadth + length 
x 100) calculated in 67 pelves, gave a mean of 
107-9 + 2-65 with a standard deviation of 10-88, c.v. 
10-1 and a range of 82-03-146-15. Ince & Young’s 
(1940) series. of 489 pregnant London women gave 
a mean of 108-9, the range being 82-141. The 
sacral index for the male is lower than that for the 
female, viz. 102-9 for the European male (Wilder, 
1920). The Bantu sacral index corresponds, there- 
fore, extremely closely to that of the London 
women. Wilder (1920) gives the following per- 
centage values for the female of certain races: 
‘Negroes 103-16 (18), Andamanese 103-4 (35), 
‘Australians 110-0 (13), Japanese 107-1 (36), Euro- 
peans 112-4 (43). The Bantu sacral index, being 
above 106, may be termed platyhieric, the other 
groups being subplatyhieric (100—106) and dolicho- 
hieric (below 100). 

The midventral curved length of the sacrum was 
obtained by means of using a half-inch wide strip 
of tin-foil which was smoothed out by running over 
it a conveniently shaped wooden block held between 
the fingers. The tin-foil was then carefully applied 
to the anterior surface of the sacrum, marked, and 
ironed out again. Measurement was then made. 

The midventral curved length in the Bantu was 
10-85 + 0-30 cm., and in 67 sacra the figures for the 











curvature index (straight length+curved length 
x 100) were as follows: mean 91-87 + 0°88, standard 
deviation 3-59, c.v. 3-91, range 838-61—100-00. 
Wilder (1920) quotes Radlauer as giving the 
following percentage values for this index: Simian 
apes 98-7, Negroes 92-4, American Indians 91-6, 
Asiatics 89-7, Australians and Oceanians 93-1, 
Europeans 86-5. As sex is unspecified, these figures 
presumably include both males and females. 

The mean values for the curvature index in the 
three parent types (Caldwell & Moloy) were as 
follows: gynecoid 91-8 (range 83-6-99-0), anthro- 
poid 91-7 (range 83-8—100-0), and android 92-0 
(range 86-0—96-9). These figures are all close to the 
average for the series, viz. 91-87. The sacral index 
analysed similarly gave gynecoid 109-0 (range 
88-7—-128-4), anthropoid 108-0 (range 82-0—126-3), 
and android 105-8 (range 84-8-121-2): the mean 
for the series was 107-9. The sacral index for the 
android type only of pelvis is subplatyhieric, and 
further analysis of this type shows that its sacrum 
is the widest and the longest (10-8/10-3 cm.), the 
corresponding gynecoid type measurements being 
10-7/9-9 cm., and the anthropoid 10-5/9-8 cm. 

Obstetrically, then, the android pelvis embodies 
unfavourable features in almost every respect, 
except that its anterior straight breadth is greatest 
and at least tends to contribute towards a greater 
transverse diameter of the brim. 


The ischial spines 


Ischial spines were classified as anthropoid, 
average, or sharp (Caldwell eé al. 1934). The anthro- 
poid spine approaches the gorilla spine, of which the 
apex is poorly defined, and the base broad and flat. 

In the 67 Bantu pelves, 12 (18%) of spines were 
anthropoid, 13 (19%) were sharp, and 42 (63%) 
were average. In the anthropoid pelves 41% of 
spines were of the anthropoid: variety, the differ- 
ence between this and the percentage in the other 
two types being more than twice its standard error. 
Thus, an anthropoid spine is likely to belong to an 
anthropoid type pelvis, and unlikely to belong to 
another pelvic type. Caldwell et al. found, con- 
trary to present experience with the Bantu pelvis, 
that the android group shows the greatest number 
of sharp spines. Table 6 gives the distribution of 
the different types of ischial spine among the three 
parent pelvic types. 


Table 6. Bantu pelves: distribution 
of ischial spines 
Varieties of spine 





Pelvic type Anthropoid Average Sharp 
35 gynecoid 4 22 9 
14 android 1 1] 2 
17 anthropoid 7 8 2 
66 Totals 12 41 13 
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Certain external measurements of the pelvic girdle 


The measurements considered here are the inter- 
cristal (1.c.), interspinal (1.s.), and external oblique 
(z.0.) diameters; the maximum height of the pelvis 
(m.H.); the depth of the pelvic basin (D.P.B.), the 
height of the symphysis pubis (u.s.), the inter- 
tuberal diameter (T.0.), and the width of the sacro- 
sciatic notch in the line of the sacro-spinuous liga- 
ment -(S.s.L.). The external conjugate diameter 
could not be measured, though reference to it is 
made. 

(1) The intercristal diameter in 67 Bantu pelves 
showed a mean of 23-80 + 0-34 cm., with standard 
deviation 1-4 cm., and range 20-9-26-5 cm. In the 
Bush pelvis Orford (1934) found this measurement 
for the female to be 19-0 cm., gave. the Bantu 
measurement as 23-7 cm., and quoted 27-1 cm. as 
an average for the European female. The largest 
1.c. diameter in the present series was only 26-5 cm., 
i.e. lower than the average for Europeans: the 
smallest diameter found was 1-9 cm. more than the 
average Bush diameter. Orford’s figures for the 
male were, Bush 20-2 ecm., Bantu 24-6 cm., Euro- 
peans 27-9 cm. 

(2) The interspinal diameter in 67 pelves showed 
a mean of 20:86+0-38 cm., standard deviation 
16 cm., and range of 17-0-23-8 cm. Orford’s 
measurements were, Bush 17-0 cm., Bantu 20-0 cm., 
and Europeans 23-0 cm. Whilst the smallest Bantu 
measurement here was equal to the average Bush 
diameter, two Bantu pelves, aged 13 and 15 years, 
not included in the series, measured less than 
17-0 cm. Orford’s figures for the male were, Bush 
17-6 cm., Bantu 21-6 cm., Europeans 23-5 cm. The 
interspinal-intercristal index (1.s. +1.c.) in 67 pelves 
gave a mean of 87-:7+0-91, standard deviation 
3-72, and a range of 76-0-93-9. 

(8) The external oblique diameter is measured from 
the posterior superior iliac spine of one side to the 
anterior superior spine of the other side. The 
measurement is bilateral, and the correspondence 
between the two sides follows fairly closely the 
correspondence between lengths of the oblique 
diameters of the pelvic brim. In some pelves, how- 
ever, equal external oblique diameters occurred in 
the presence of a variation of }-1 cm. in the oblique 
brim diameters, and vice versa. Both sets of 
diameters are measurements of the ilium alone, 
but may be influenced by the sacrum. The mean of 
the left £.o. in 67 pelves was 18-88 +0-22 cm., 
standard deviation 0-88 cm., and range 16-2 to © 
20:6 cm. For the right £.0. the figures were 18-93 + 
0:22 cm., standard deviation 0-89 cm., range 
16-3-20-8 cm. The mean of the left diameter, 
therefore, is 0-5 cm. shorter than the right. Asym- 
metry at the brim was mentioned above as a 
striking feature of the present material, and a 
shortening of the left oblique was emphasized. The 








158 O: S. Heyns 


mean of the right oblique diameter of the brim is 
1-4 mm. greater than the left. 


(4) The maximum height of 67 pelves gave the : 


following figures: Left os coxae — 19-08 + 0-23 cm., 
standard deviation 0-92 cm., range 17-3-21-6 cm.; 

« right os coxae —18-99+0-21 cm., standard devia- 
tion 0-88 cm., range 17:0-20:9 cm. Orford’s 
averages for the female were, Bush 16-8 cm., 
Bantu 19-0 cm., Europeans 19-7 cm., and for the 
male, Bush 17-4 cm., Bantu 20:4 cm., Europeans 
22-0 cm. 

(5) The breadth-height index (M.H.+1.c.) in 66 
Bantu pelves. showed a mean of 80-5+0-93, 
standard deviation 3-82, range 78-3-88-7. Orford’s 
._percentage figures for this index were, Bush 89-4, 

_ Bantu 80-6, Europeans 74; the corresponding male 
figures were 88-2, 83-5, and 79-0. 

(6) The depth of the pelvic basin (p.P.B.)—‘ from 
the ilio-pectineal line in the region of the ilio- 
pectineal crest, to the lowest point of the sciatic 
tuber of the same side’ (Wilder, 1920)—is an 
important obstetric pelvic measurement, and has 
been used in Table 4. In 67 pelves the figures 
were: 

Left : 8-75 + 0-13 cm., standard deviation 0-51 cm., 
range 7-9-10-9 cm. 

Right: 8-'77+0-14 cm., standard deviation 0-56 
cm., rahge 7-9-11-1 cm. 

Where the D.P.B. was 9-0 cm. or more, the pubic 
arch tended to be narrow, and there was a slight 
tendency to heaviness of the bones: 36% of the 
entire series had a D.P.B. measurement of 9-0 cm. 
or more, as had 9 out of 13 android pelves as against 
27% of the other types. This measurement is 
greater in the male than in the female, and the 
finding that a narrow pubic arch and increased 
weight of the bones tends in the male direction with 
increase in the depth of the pelvis emphasizes the 
obstetrical significance of this measurement. The 
Bantu measurement of 8-8 cm. was remarkable 
since in 50 American white female pelves Caldwell 
& Moloy (1933) found the average pD.P.B. to be 
9-0 cm., and in 58 American white male pelves 
10-1 cm. The Bantu female average is thus lower 
than that for the white woman. 

(7) The height or length of the symphysis pubis 
(H.S.) was measured in the articulated pelvis to 
correspond as closely as possible with the limits of 
the roughened contact areas between the two bones. 
The range in 66 pelves was between 2-7 cm. and 
4:5 em., with a mean of 3-45 + 0-08 cm., a standard 
deviation of 0-3 cm., and a coefficient of variation 
of 9-7%. This is an extremely important measure- 
ment and in two European cases of dystocia was 
well over 6-0 cm. 

(8) The intertuberal diameter (T.0.) in 67 pelves 
ranged between 6-6 and 13-2 cm., with a mean of 
10-2+0°3 cm., and standard deviation of 1:3 em. 
The diameter used was the inner intertuberal 


breadth measured from the most medial points 
on the lower surfaces of the ischial tuberosities. 
Mostly the points are chosen arbitrarily, and for- 
tunately this diameter is losing its significance in 
obstetrical considerations, giving way to more 
important features connected with the outlet (e.g. 
interspinal diameter, size of the pubic arch, area 
of the plane of least pelvic dimensions). While the 
intertuberal diameter is commonly stated to be 
4 inches in the normal pelvis, the Bantu measure- 
ment is on the average a fraction of a millimetre 
above this. The smallest diameter found in the 
series was 6-6 cm., or 2} in. In Ince & Young’s 
series (1940) of 474 London women, radiography 
gave a mean of 10-9 + 0-03 cm., standard deviation 
0-7 em., c.v. 6-4%, and a range of 8-6—13-3 cm. In 
the London series the diameter is 7 mm. greater 
than in the Bantu, yet the mean value for the 
Bantu female shows that this part of the outlet is 
adequate. 

Thoms (1935) refers to ‘records’ of 1000 women 
‘presenting what I assumed to be normal external 
pelvic measurements’, and an average of 9-5 cm. 
for the intertuberal diameter. This figure becomes 
improbable when the London and the Bantu series 
are critically considered. Thoms’s measurements 
were apparently taken by different observers, and 
the unusually large posterior sagittal diameter 
(averaging 7-5 cm.) implies a taking of the trans- 
verse measurement too far forward. For statistical 
purposes clinical measurement of \the intertuberal 
diameter is useless. ’ 

(9) The width of the sacro-sciatic notch (S.S.L.) was 
measured from the tip of the ischial spine to a point 
on the lateral edge of the sacrum midway between 
the lowest two posterior sacral foramina. In 65 
pelves the figures were: 

Left: mean 4-92 +0-22 cm., standard deviation 
0:88 cm., range 2-8—6-9 cm. 

Right: mean 4-94 + 0-20 cm., standard deviation 
0-82 cm., range 3-0—7-0 cm. 

(10) The external conjugate was not measured 
because articulation of the lumbo-sacral joint is 
difficult and apt to be inaccurate, and because this 
diameter does not appear to be of value. Ince’s 
(1940) formula has, however, been used to arrive at 
some values for the external conjugate, thus—c.v. 
in mm. =0-36 x external conjugate in mm. + 47-47, 
and the standard error is 9-0 mm. Taking the mean 
value of c.v. (conjugata vera) in the Bantu, 107-6 
mm., the external conjugate by calculation is 
167-0 mm. or 6-58 in.: even adding the 9-0 mm. of 
the standard error, this diameter in the Bantu 
remains below 7 in. Clinically an impression is 
gained that the Bantu external conjugate averages 
about 7 in.; in a large proportion of cases it is 
certainly less. In obstetric practice, a contracted 
pelvis is suspected when the measurement is below 
7 in., e.g. by authorities like Thoms (1939). But 
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in the Bantu at any rate this suspicion has no 
valid foundation. 

In Thoms’s series the E.c. averaged 7} in., and 
in Ince’s series over 8 in. 

Ince’s formula is inaccurate for small c.v. values. 
His smallest c.v. of 87 mm. would give an E.c. of 
44 in. (110 mm.), and the commonly accepted 
figure of 4 in. for the standard true conjugate 
would make the £.c. 150 mm. or almost 6 in. A 
superficial examination of the prepubertal pelvis 
shows that an adult pelvis with £.c. as low as 5 in. 
is almost inconceivable. Measurement of the 
osteomalacic pelvis shows how difficult it is to get 
any E.c. figure much below 7 in., and how obstet- 
rically valueless the external conjugate is. 
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for the whole series of 147 pelves was 41, 32, and 23. 
Similar considerations affect the figures for the 
negro pelves. Thus, of'a series of 268 female pelves, 
only 168 were actually measured: hence the figures 
from this series must, unfortunately, be accepted 
with reserve. 

Pan (1929) studied 64 female pelves from Hindu 
cadavera, measuring but three diameters each of 
inlet, cavity, and outlet: all pelves exhibiting any 
deformity were excluded from his investigation. 
However, Table 7A shows that these pelves are 
extremely small: the brim area by calculation 
averages approximately 94-4 sq.cm., as compared 
with a Bantu average of 101-2 sq.cm., and with 
English averages of 121-0 and 126-8 sq.cm. The 


Table 7.* Comparison of average diameters of the pelvic brim, the antero-posterior of 
the cavity, and the diagonal conjugate 


A. Direct measurement on the skeleton 


White Negro White Negro 
Bush American American Hindu Male Male 
Diameter Bantu (Orford) (C.&M.) (C. & M.) (Pan) (C.&M.) (C. & M.) 
Conjugata vera, mm. 107-6 113-0 109-0 110-9 101-0 101-0 98-0 
Transverse, mm. 119-6 107-0 135-1 125-1 119-0 130-0 116-0 
Oblique, mm. 121-3 113-0 =. — 115-5 —_ _ 
Diagonal conjugate, mm. 122-6 129-0 _ _ aes ci — 
Antero-posterior cavity, mm. 117-5 — — — 101-0 _ _— 
Brim index % 90-4 105-2 — — 84-9 —_ _ 
No. of pelves 67 4 73 90 64 43 52 
B. X-ray measurement of living subject 
London Rural Clinic Student 
English English Women Nurses 
Diameter (I. & Y.) (N.) (Thoms) (Thoms) 
No. of pelves 509 350 132 104 
Conjugata vera, mm. 118-3 116-4 114-4 121-5 
Transverse, mm. 130-6 132-3 125-4 121-9 
Brim index, % 90-8 88-3 91-2 99-7 


* C. & M.=Caldwell & Moloy (1933); I. & Y.=Ince & Young (1940); N. = Nicholson (1938); Pan = Pan (1929); 


Thoms = Thoms (1939). 


The pelvic brim and cavity 


The figures in Table 7A call for comment: these 
should afford the most reliable data, being from the 
skeleton directly, whereas the X-ray measurements 
are from living subjects. Caldwell & Moloy’s (1933) 
figures were puzzling, and compelled certain cal- 
culations, after which their Table 2 became in- 
telligible. Their figure of 109 mm. for the c.v. in 
American whites seemed very low, an impression 
strengthened by the higher corresponding figure 
(110-9 mm.) for negro stock. Their male averages of 
101 and 98 mm. also seemed relatively high. 

These unusual figures became understandable 
when it was realized (from their Table 1) that, of 
147 white and 121 negro female pelves available, 
only 783 white and 90 negro were measured. Further 
the respective numbers of gynecoid, android and 
anthropoid types of pelvis for the white series were 
26, 25, and 19: whereas their percentage incidence 


average birth weight of 100 Hindu babies was only 
5 Ib. 6} 0z., against a Bantu mean of 6} Ib. (Heyns 
& Hersch): the Hindu head measurements were all 
less than the accepted averages. 

Table 7B shows a fairly close correspondence of 
measurements obtained by X-ray pelvimetry, but 
the formula used for the London series is not avail- 
able; Thoms’s antero-posterior view method does 
not outline the whole of the sacral promontory, 
whilst his lateral view method, though more 
accurate, must sometimes give rise to errors in 
determining the end-point at the symphysis pubis. 
Nicholson’s stereo-metric technique is claimed to be 
accurate to the nearest millimetre, but it remains 
uncertain how far any two observers would agree 
in their readings of stereoscopic films. 

(1) The conjugata vera in the Bantu of 107-6 mm. 
(44 in.) may be compared with that in English 
women of 116-118 mm. (between 4} and 4% in.). 
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Ince & Young (1940) discussed the English diameter 


fully. There has always been a strong, though unsub- - 


stantiated, obstetric opinion’ in South Africa. that 
the Bantu pelvis is much smaller than that of the 
European. If we accept European conjugata vera 
averages of about 4% in., the smaller Bantu corre- 
sponding diameter is of interest. Bantu living in 
the towns are subjected to a low standard of living, 
whilst those living in the native territories may have 
to withstand occasional periods of great privation. 

(2) The Bantu transverse diameter of the brim with 
a mean of 119-6+1-9 mm., and a range of 98— 
1388 mm. was more than 1 em. less than that of 
English women or of Caldwell & Moloy’s American 
white material (135-1 mm.), and was even less than 
their figure (130-0 mm.) for the male American 
whites. Thoms’s clinic women approached it more 
closely with a measurement of 125-4 mm., and his 
series of women of superior physique (121-9 mm. 
gave an average of only 2:2 mm. more. 

‘(&) The pelvic brim index (Turner, 1886) for the 
Bantu series ranged between 69-6 and 104-4 
with a mean of 90-4+2-0. It should be noted 
that the female Bush pelvis (Orford, 1984) gave a 
brim index of 105-2, the four pelves having an 
index of 99, 112-6, 97-3, and 112 respectively. 
The male Bush pelvis has the high brim index of 
97-7 ranging in 9 pelves between 88-6 and 105-5 
(Orford, 1934). Slome (1929) found the average 
index for 2 female Bush pelves to be 99-7 and 
for 5 male pelves 89-2. The male pelvis does not 
necessarily show a slightly higher index than the 
female: the index is probably variable, and a lower 
index in the male is the expected tendency. 

The lowest reliable index is the figure (84-9) 
calculated from Pan’s averages for Hindu females. 
An index of 80 or 81 as an average for Europeans 
is extremely unlikely: Nicholson (1988) found a 
mean of 88-3 for the brim index in 850 rural 
English women, and Ince & Young (1940) a mean 
index of 90-8 in 509 London women. An approxi- 
mate figure (calculated from the average of the two 
diameters) for Thoms’s 182 clinic women (1939) 
was 91-2, and for. 104 nulliparous students 99-7. 
In a later series of 600 white women Thoms (1939) 
found 60-6 of the series with what he defined as 
the dolichopellic and mesatipellic type of. brim: by 
Turner’s formula, these two classes would show an 
index of over 92-5. The great majority of Thoms’s 
subjects had an index of over 90-0, and a minority 
were platypellic. Ince & Young (1940) found that, 
using the anatomical (as opposed to the obstetrical) 
conjugata vera, 30-3 only of 509 women were 
platypellic, i.e. had an index below 90-0. In the 
light of this evidence, and from findings in the 
Bantu (90-4)—and even in the -Bush_ race 
(105-2)—the prevailing belief that the platy- 
pellic type of brim is characteristic for.the female 
is not well founded. 


The radiographical evidence on brim shape 
brought forward by Thoms (1939) is most im- 
pressive, but it is not stated whether the antero- 
posterior conjugate measurement is confirmed on 
the more precise lateral view film: in the antero- 
posterior view the whole promontory is not seen, 
a fact responsible for an enlarged diameter and 
consequently for a higher brim index. That Thoms’s 
series of women of superior physical status should 
relatively show an index of 99-7 compared with 
91-2 for the clinic women is suggestive of a trend. 
Jarcho (quoted by Thoms, 1935) states that the 
round or dolichopellic type of pelvis is found in the 
aborigines of America, Australia, and the East 
Indies. Several observers agree with Stoney (1930) 
and Vaughan (19387), that platypellic pelves are less 
the result of racial influence than of the conditions 
of life in modern civilization. 

To assess the encroachment of the sacral pro- 
montory on pelvic space, the antero-posterior 
diameter of the cavity was measured, from the 
junction of vertebrae S2 and S2 posteriorly to the 
mid-posterior aspect of the symphysis pubis. The 
mean, 117-5 + 1-9 mm., with a range of 100-135 mm. 
was 1 cm. more than that of the true conjugate. In 
Pan’s Hindu series the antero-posterior diameter 
of the cavity was measured from the anterior sur- 
face of S8, but it showed a mean of 101-0 mm., 
which equals the mean of his true conjugate: this 
indicates that these sacra tended to straightness, 
or at least to forward inclination or counter- 
nutation. 

(4) The diagonal conjugata in Bantu _pelves 
showed a variable relationship to the true con- 
jugate, dependent on the height and slope of the 
symphysis. The mean length was 122-6 + 2:0 mm., 
or 1-5 cm. more, on the average, than the true 
conjugate. The difference between these conjugates 
was as low as 0:5 cm. in one example, and as high 
as 2:8 cm. in another. 

(5) The oblique diameter of the brim of the 
female pelvis may be greater or less than the 
transverse. In the Bantu series the left oblique 
mean was 121-3+1-6 mm., and the right oblique 
122-7+1-6 mm., these measurements being about 
2mm. greater than the transverse diameter 
mean. 

It remains to consider the size or area of the plane 
of the pelvic brim. The assessment of pelvic capa- 
city at this level on the basis of the conjugata vera 
was criticized above, and even two axes of the 
brim or its circumference will not readily indicate 
the extent of this plane. 

Nicholson (1988) suggested that the shape of the 
brim closely resembles an ellipse of which the axes 
are the conjugate and greatest transverse dia- 
meters. A study by dioptograph and planimeter of 
60 selected pelves showed that a modified Nichol- 
son’s formula is correct to within 5% of the area, 
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but that the unchanged formula is liable to an error 
greater than 5%. 

(6) The area of the inlet by calculation in 66 
Bantu pelves ranged between 74°75 and 126-8 
sq.cm., with a mean of 101-28 + 2-50 sq.cm., and a 
standard deviation of 10-17 sq.cm. The true area 
will always exceed the calculated mainly because 
of the projecting promontory; but the calculated 
area may approach the true area closely where the 
brim is beak-shaped or where a converging or 
angular forepelvis exists. In 51 pelves of the 
present series the mean true area as found by the 
planimeter on tracings was 113-5 sq.cm., whereas 
the mean area by calculation was 104-3 sq.cm. The 
computed mean of the true area for the whole 
series of 66 pelves is a little over 115-09 sq.cm. 

Nevertheless, it is the figure given above, 101-23 
sq.cm., which must be compared with Ince & 
Young’s (1940) mean of 126-8 sq.cm., and with 
Nicholson’s (1938) mean of 121-0 sq.cm. It is on 
this basis that Ince & Young’s mean is exactly 
equal to the largest area of the Bantu range. In 
this respect a comparison between Bantu and 
English pelvic capacity assumes significance, 
whereas the difference between the linear values is 
not impressive. Even Pan’s Hindu pelves give a 
conception of their size only when the formula is 
applied to their mean brim diameters, and an 
approximate mean brim area of 94-4 sq.cm. is 
obtained. Pan (1929) and Ince (1940) both used 
the longer ‘anatomical’ conjugata vera, and it is 
therefore striking that the mean Hindu area (94-4) 
is less than the smallest area (95-0) of Ince’s 
range. 

(7) The area of the plane of the cavity was also cal- 
culated, using the antero-posterior diameter of the 
cavity and the transverse diameter of the brim. In 
a large majority of pelves the transverse diameter of 
the cavity exceeds that of the brim; but because the 
difference is small, and because the more circular 
shape of the capacity should give reliable results 
with the formula used for the brim, an approximate 
calculation of the area from these data should be 
of value. In 67 pelves the range of cavity areas 
was from 85-2 to 135-2 sq.cm., with a mean of 
111-78 + 2-78 sq.cm., and a standard deviation of 
11-4 sq.em. More than 60% of individual pelves 
had a cavity area which was 10-0 or more sq.cm. in 
excess of the brim area, nearly half of the areas 
being just about 10-0 sq.cm. more, which is the 
difference between the means. In one example the 
area difference was 25 sq.cm. ; in another it was nil. 
These figures emphasize an old presumption, viz. 
that the plane of the greatest area is.the cavity, the 
one next in size the brim, and the smallest plane the 
outlet. In only three pelves is the calculated outlet 
area greater than the calculated brim area, and in 
these cases the brim area as determined by the 
planimeter is not available. In several other cases 
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where this exception was observed, the planimeter 
area of the brim was in each instance greater 
than the outlet area. Nicholson (1938) found the 
coefficient of correlation between these two areas 
to be +0-446, which is considerable. 


Measurements affecting the outlet 


The intertuberal diameter, the pubic arch and the 
symphysial height have been discussed: it remains 
to consider the plane of least pelvic dimensions, viz. 
the posterior sagittal diameter of the outlet (show- 
ing to what extent the lower sacrum encroaches on 
pelvic space) and the anterior sagittal diameter 
(indicating the height of the pubic arch) and a 
dimension of the anterior portion of the outlet. 

The plane of least pelvic dimensions is probably 
more important obstetrically than the lower plane 
containing the intertuberal diameter ; the most con- 
venient diameters to measure are the inter-ischio- 
spinal (1.1.s.) and the pubosacral, the latter being 
the distance between the anterior aspect of the 
sacral tip and the lower border of the symphysis 
pubis (a.p.0.). The four points concerned lie very 
nearly in the same plane in the majority of 
pelves. 

(1) The inter-ischio-spinal diameter (1.1.S.) in 66 
Bantu pelves ranged between 6-5 and 12-4.cm., with 
a mean of 9°70+0-26 cm. In the rural English 
series of 250 women (Nicholson, 1938) the mean was 
10-54 cm., and in 876 London women (Ince & 
Young, 1940) it was 9-95+0-037 cm. A large 
number of Ince’s cases did not show ischial spines 
radiographically and had to be omitted for this 
measurement: many of the larger outlets were 
excluded, which may account for Ince’s mean being 
6 mm. less than Nicholson’s. The Bantu inter-ischio- 
spinal diameter is, therefore, about 4 cm. below 
the mean in English women; it is, nevertheless, of 
ample length, i.e. approximately 4 in., which may 
be considered to be roughly the European mean. 

(2) The pubosacral diameter (a.P.0.) in 66 Bantu 
pelves gave a mean of 11-65 + 0-20 cm., and ranged 
from 10-0 to 13-5 em. The rural English series had 
a much larger diameter (13-01 cm.), and the London 
women a mean (11-97 cm.) only slightly greater 
than the Bantu. Lateral view X-ray measurement 
of the pubosacral diameter is unreliable, as failing 
to determine accurately the anterior point of this 
diameter. 

The Bantu a.p.o. is 43 in. There exists a great 
tendency towards some contraction of the Bantu 
outlet, and even an occasional gross contraction, 
rare in the European pelvis, wherein the expected 
average diameter is not much less than 5 in. 
Nicholson’s measurement in this respect appears 
acceptable. 

(3) The anterior sagittal diameter of the outlet 
showed a mean of 7:03 + 0-61 cm. with a range of. 
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5-6-8-5cem. Thoms’s (19385) figures from 1000 women 
gave an average of 5-0 em. for this diameter, and 
10-5 cm. for the antero-posterior measurement of 
the outlet: as suggested, these dimensions appear 
to err on the low side. 

(4) The area of the outlet (plane of least pelvic 
dimensions) may be calculated from the ellipse 
formula, with 1.1.8. and a.P.o. as axes. Tracings of 
the outline of this plane showed that in most in- 
stances its shape approaches an ellipse more closely 
than does the brim; unfortunately, the 1.1.s. is often 
much shorter than the greatest transverse diameter 
of the ellipse, and this leads to a reduction of area 
which may be as great as 20% in pelves with ex- 
aggerated male characters. The error is greatly 
dependent on a pronounced intrapelvic projection 
of the ischial spines. In the average ‘normal’ 
pelvis, however, this error is so small that a fair 
estimation of the area is obtained by the calculation 
suggested: in a few outlets the calciilated area will 
be appreciably less than the true area. In 65 Bantu 
pelves the calculated outlet area ranged between 
58-1 and 116-9 sq.cm., with a mean of 88-8+ 
8-04 sq.cm. and a standard deviation of 12-3 sq.cm. 
Nicholson’s (1988) rural English series, which it was 
suggested gave a figure closer to the true .p.o. than 
Ince & Young’s (1940) series, had a mean outlet 
area of 106-7 sq.cm. with a standard deviation 
of 11-9 sq.cm. Ince’s mean was 93-7 sq.cm. It is 
obvious that, with standard deviations of the same 
order, the Bantu outlet is considerably smaller than 
the English. Of these English outlets 20% had an 
area larger than the biggest Bantu outlet, and only 
7% of the English fell below the Bantu mean area. 
Comparing the European and Bantu pelvic dimen- 
sions generally, the most impressive differences 
were those in the areas of brim and outlet (plane of 
least pelvic diameter). 

(5) The posterior sagittal diameter of the outlet 
(P.s.0.) in 66 Bantu pelves ranged between 3-5 and 
8-4 em. with a mean of 5:99+0-26 cm. Eden & 
Holland (1937) give this diameter as 4 in. and un- 
warrantably predict difficult delivery if this length 
is reduced. In view of Nicholson’s and Ince’s 
findings of a pubosacral diameter of about 5 in., it 
is obvious that the P.s.o. cannot be 4 in. Williams 
(1931) showed figures which led Thoms (1935) to 
suggest that if the sum of the intertuberal diameter 
and the posterior sagittal of the outlet did not 
amount to 15-0 cm., difficulty in delivery should be 
anticipated. It is obvious that, however narrow 
the outlet, the foetal head can negotiate it provided 
the sacrum is placed sufficiently far back. In the 
66 pelves the mean sum of these two diameters was 
16-2 cm., the range being 11-9-19-9 cm.; 15 (28%) 
of these values were below 15-0 cm. 

The outlet area may reasonably be compared 
with this value, because neither takes into account 
the size of the subpubic angle, and both attempt to 


estimate the dimensions of the plane of the outlet. 


‘The outlet area is likely to be the more precise 


measurement in this respect. Taking the area of 
the maximal cross-section of the well-flexed foetal 
head to be 70-0 sq.cm., then an outlet area below 
80-0 sq.cm. may be considered to be critical. The 
following are some comparisons between the outlet 
area and Williams’s critical value of 15-0 cm. as 
gained from the Bantu pelves: 


Table 8 
Planimeter 
Transverse area of 
Y of outlet + diopto- 
Identification posterior graphic 
number of sagittal of Area tracing 
pelvis outlet (em.) —sq.cm. sq.cm. 
A849; 886. 13-5 102-8 Not done 
A218; 371 13-1 66-0 72-0 
A397 15-2 98-4 94:1 
A458; 527 16-2 80:0 73-2 
A 85; 224 16-7 75-4 Not done 


Four outlets had an area of over 80-0 sq.cm. but 
T.0.+P.8.0. under 15-0 cm. With the latter value 
over 15:0 cm., 6 outlets were under 80:0 cm. The 
figures in Table 8 also serve to illustrate the dis- 
parity between these values. It is suggested, there- 
fore, that Thoms’s rule is untenable; and that, even 
if true for some cases, it is liable to mislead the 
obstetrician particularly where indicative of a bad 
prognosis. 

These facts are more accurately brought out in 
the graph (Fig. 1). In 20 pelves dioptographic 
tracings were made of the outlet and the areas 
thereof were measured with a planimeter: these 
areas are, therefore, accurate. The transverse and 
posterior sagittal diameters were also measured on 
the bones, and are likewise precise. The graphs 
show that these two values are by .no means 
strictly proportional. 

The area marked « is low (73-0 sq.cm.) and the 
Williams value 16-2 cm. The area at 8 is high 
(94-0 sq.cm.) and the corresponding value 15-2 cm. 
The Williams values at B,, 8,, and B, ascend, while 
there is a steep descent in the corresponding areas; 
and at «,, «,, and «, occur three equal values with 
area ascending from 73 through 87 to 100 sq.cm. 
While the three values below 15-0 cm. are from 
pelves with areas below 80-0 sq.cm., the three 
marked £f, are only just over 15-0 cm. but have 
adequate areas which average about 90-0 sq.cm. 

That no reliable correlation obtains between the 
outlet area and the intertuberal diameter is illu- 
strated by the fact that in two pelves where the 
latter diameter was 8-8 and 9-0 cm. respectively, 
the corresponding outlet areas were 66 and 92 sq.cm. 
The great reliance placed clinically on this ‘trans- 
verse’ of the outlet cannot be supported. Williams 
(1981) appreciated the distance of the sacrum from 
this diameter as an essential in obstetric prognosis. 





























His figures showing the length of the posterior 
sagittal diameter required for a given transverse 
diameter deal with a range of the latter which is 
extremely low, and some of the posterior sagittal 
figures are extraordinarily high, even improbable. 
These Williams values are better replaced by con- 
siderations of area at the plane of least pelvic 
dimensions. Clinically, however, the form of the 
pubic arch must be known additionally, for with a 
well-curved arch the prognosis is better even if 
T.0. alone, or T.0.+P.S.0., are small, whilst with 
dangerously small areas a head may still pass if 
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and 43 in., not 4 in. as frequently stated. In view 
of the importance usually attached to this con- 
jugate, it is necessary to consider whether any 
relation obtains between it and the area of the 
brim, which is the dimension of most value at this 
level of the pelvis. The brim area can be derived 
from two axes, one of which is the conjugata vera 
and the other the transverse diameter. If these two 
diameters can vary independently of each other, 
there could be a chance correlation only between 
the conjugate and the area. Nicholson (1938) 
found in 350 cases that the correlation coefficient 
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Fig. 1. The sum of the intertuberal and posterior sagittal diameters (T.0.+P.S.0.) and its corresponding outlet area 
plotted out. The points on the lower curve correspond to points on the upper: for each T.0. +P.S.0. the corresponding 
outlet area is marked. «—>High P.s.o.+7.0. and small area. B—Low P.S.0.+T7.0. and great area. £,—>Inverse pro- 


gression. «, Equal P.s.0.+7.0., but greatly varying area. 


the pubic arch be moderately wide and well curved. 
At the outlet the important obstetric factors are 
two, viz. the area of the outlet, and the pubic arch. 
These features should receive adequate attention 
in any description of a pelvis. 


DISCUSSION 


Opportunity has been taken of analysing a series of 
female Bantu pelves and an attempt made to 
depict the morphological form of this pelvis. 

The conjugata vera in the Bantu female pelvis 
proved to be 107-6 mm. or 4} in.: the mean value 
for this diameter in English women is between 4} 


between the two diameters was 0-043, a low value 
and one that might occur by chance if there were 
no relation between the diameters. Ince & Young 
(1940) in 492 cases found this value to be 0-172, 
which is statistically significant. 

The majority of pelvic brims have a tendency to 
roundness. As these are large or small, so the two 
diameters increase or decrease together. About 12% 
of pelves are of the anthropoid type, however, 
wherein the conjugate undergoes an absolute in- 
crease in length while the transverse is shorter, 
the decrease being relative, though sometimes 
absolute: consequently, the pelvis is narrowed. 
The reverse of this form is the flattened brim seen 
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in the android and the rickety types of pelvis, 
wherein the shortened conjugate is accompanied 
by a correspondingly lengthened transverse dia- 
meter. The area cannot, therefore, be expected to 
vary in direct proportion to the conjugate dia- 
meter. Statistically some degree of correlation 
appears because of the large proportion of round 
brims in the series, and because at either end thereof 
there occur but few examples of pronounced 
difference between the two diameters. 

Examples taken from this series, in each of which 
the brim area has been obtained accurately by 
means of the planimeter, further illustrate the 
unreliability of the conjugate as a basis for inlet 
size (Table 9). With a diameter of 10-11 cm., 2 brims 
had areas below 100 sq.cm., 10 were 100-110 sq.cm., 
and 1 was over 120 sq.cm. Further examples of 
this lack of correlation between area and conjugate 
could be given. It follows that a knowledge of the 
conjugate diameter, though often a fair index of 
brim area, may grossly mislead the observer; it is 
submitted that this dimension is of value only in 
conjunction with the transverse diameter in 
estimating an index or an area. 


Table 9 
Identification Conjugata vera Area of brim 
number of pelvis (cm.) (sq.cm.) 
A730; 721 9-9 119-4 
A717; 774 9-9 101-5 
A784; 790 9-9 94-0 
A431 10-0 - 92-8 
A646 10-0 105-7 
A703 10-0 107°8 
A451; 541 10-0 112-6 
A648; 703 10-0 116-2 


The Bantu brim area and outlet area illustrate 
well the smaller general dimensions of this pelvis as 
compared with the European. Equally important 
is the Bantu brim index of 90-4+2-0, which com- 
pares well with European indices of 88-3 (Nichol- 
son, 1938), 90-8 (Ince & Young, 1940), and over 
90 (Thoms, 1939). In the Bush race the index is 
probably near 100. There is no good foundation 
for the prevalent belief that the platypellic brim of 
index 80 to 85 is characteristic for the female. 
Jarcho (1933) has stated that the round or doli- 
chopellic type of pelvis is found in the aborigines of 
America, Australia and the East Indies. If it be 
true that the norm in races living under compara- 
tively primitive conditions is a round brim, the 
view that civilization has caused the development 
of the flattened brim with a lower index gains sup- 
port. Thoms (1939) found in a series of women of 
superior physical and economic status a brim 
index of 99-7 as compared with one of 91-2 for a 
group of hospital clinic women. There is little doubt 
that the round pelvis is more favourable to labour, 
and there is mathematical certainty in the fact that, 
with a given perimeter such as is represented by the 
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brim, a circle encloses the -greatest area. As the 
circumference becomes compressed and alters shape, 
so there is a loss of area. Radiological surveys of 
pelves from groups of individuals living under less 
civilized conditions will throw much light on what 
is the ideal, and not the ‘normal’, pelvis. 

The obstetric importance of the pubic arch can 
scarcely be overstated, the arch being second. in 
importance to no other part of the pelvis. 

The different ways of drawing the straight lines 
of the subpubic angle are arbitrary, and pubic 
arches of manifestly different build and obstetric 
significance may be represented by the same figure 
in degree. A subpubic angle above 90 degrees is 
commonly regarded as normal and favourable to 
labour, and one below 90 degrees as contracted: 
angles exceeding 90 degrees must be rare. When the 
arch is well curved, with everted edges, its true 
significance is lost when the lines for the angle are 
drawn as chords of a circle inside the curve. A very 
simple improvement was suggested by Dr Bleksley 
of the Applied Mathematics Department of this 
University. From the point at which the inferior 
pubic ramus on each side reaches the symphysis 
pubis, two tangents are drawn to the arch in a 
postero-lateral direction on either side. The angle 
between these two lines would give more informa- 
tion about the size in various arches, and an 
accompanying statement of the intertuberal dia- 
meter would complete this information,. In the case 
of a straight form of arch the tangents would tend 
to coincide with the rami, and in a well-curved arch 
they would approach a straight line representing 
180 degrees. This procedure is recommended as 
being more conveniently applicable than an in- 
volved mathematical formula or index. Because 
of the fallibility of the current convention, descrip- 
tion of the pubic arch has herein been based upon 
a subjective analysis into narrow, moderate, and 
wide, with a form that might be straight, well- 
curved, or of Norman arch appearance. 

In the Bantu series 37-0 % of arches were narrow, 
compared with 16-0 % in Caldwell’s (1934) American 
white series: in other arch features the two series 
corresponded fairly closely. In the pelvic types of 
the Bantu series, significant differences were found 
to indicate that the android type tended to have a 
narrow arch, to be heavy, and to have a deep pelvic 
basin. The series was not large enough to establish 
the association of the android type with a straight 
form of arch. For the narrow arch there was no 
tendency towards a straight form. 

In 40 % of the Bantu series the bones were heavy, 
and in some cases remarkably massive, because of 
syphilitic sclerosis, or, more rarely, of osteitis 
deformans. 

Regarding the pelvis as a whole, Nicholson’s 
(1988) suggestion is approved of reducing the total 
of obstetrically valuable pelvic functions to four, 



























viz. pelvic index, brim area, area outlet, subpubic 
angle. To these four functions it is proposed to 
add two, viz. depth of pelvic basin, and symphyseal 
height. Furnished with such data, both anatomist 
and obstetrician possess a complete survey of the 
average pelvis. The area and the index of the brim 
constitute a sounder basis for classification than 
the morphological one of Caldwell and Moloy, and 
the other factors mentioned complete the survey 
of a pelvis more precisely than does the analysis 
of the forepelvis adopted by those authors. 

The brim area may be determined with a plani- 
meter, or sufficiently accurately by calculation. 
The area of the outlet (plane of least diameters) is 
caleylated from the interspinal and pubosacral 
diameters. Both radiological and direct measure- 
ment can be used in assessing these values. The 
subpubic angle to be.of value must be drawn 
according to a proposed new method, the angle 
suggested lying between tangents to, not chords 
of, the pubic arch. A knowledge of the depth of the 
pelvic basin completes the picture for the pubic 
arch. Finally, the height of the symphysis pubic 
contributes information about the width of the 
osseous component of the girdle anteriorly. 
Nicholson (1988) found the correlation coefficients 
for some of these functions to be as follows: 


Pelvic index and area of brim +0-432, 
Area of brim and area of outlet +0-446, 
Area of outlet and subpubic angle + 0-250. 


SUMMARY 


1. Sixty-seven female pelves representing several 
Bantu races from Southern Africa were measured 
and classified on the morphological criteria advo- 
cated by Caldwell & Moloy. 

2. The Caldwell-Moloy classification applied to 
this material shows insignificant differences for the 
anthropoid and gynecoid types between Bantu and 
American white stock. If the anthropoid type is 
grouped with pelves showing anthropoid tendencies, 
the Bantu incidence is 87%, and the American 
white 26%: the difference is 1-5 times its standard 
error. The android type occurred in 9% of Bantu, 
and in 12% of American white pelves. 

8. Analysis of Bantu pelvic dimensions reveals 
average measurements smaller than those found 
for English women by Nicholson, Ince and Young. 
Whilst the Bantu conjugata vera has a mean of 
107-6 mm. as compared with 116-118 mm., the 
mean areas for the brim and the outlet are respec- 
tively 101-21 and 88-8 sq.cm., whereas the corre- 
sponding English figures are 121-0—126-8 and 93-7— 
106-7 sq.cm. 
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4. Six functions of importance in the analysis of 
a pelvis are, the pelvic index, the area of the brim, 
the pubic arch, the area of the outlet, the height 
of the symphysis pubis and the depth of the pelvic 
basin. Any study of bony pelves should include 
these dimensions. The present method of measuring 
the subpubic angle is condemned, and an improve- 
ment suggested. Diameters either ill-defined or of 
minor value are, the anatomical conjugata vera, 
the width of the sacro-sciatic notch, the inter- 
tuberal diameter, and the sagittal diameters of the 
outlet. The external conjugate diameter is of no 
value. 

5. The pubic arch is an important component 
of the female pelvis. The android type of Bantu 
pelvis shows a strong tendency towards the occur- 
rence of a narrow arch, of heavy bones, and of 
increased depth of pelvic basin. Statistically, the 
percentage difference for these characters between 
the android and the other types of pelvis are 
significant. Of doubtful significance is the occur- 
rence together of the following pairs of characters: 
android type and straight arch, narrow arch and 
heavy bones, narrow arch and straight form. 

6. The mean of the Bantu sacral index is 
107-88 + 2-65, which is 1-0 less than for London 
women (Ince & Young). A 6-piece sacrum was 
found in 20 out of 66 specimens (30-3 %), and four 
sacra contained 4 segments only (6%), both 
figures showing a relatively high incidence for this 
abnormality. The 6-piece sacrum was found most 
frequently (13 out of 35) in the gynecoid type of 
pelvis. 

7. The anthropoid type of ischial spine (Caldwell 
& Moloy) occurs most frequently (41%) in the 
anthropoid type of Bantu pelvis: an anthropoid 
spine is likely to belong to an anthropoid type pelvis, 
and is unlikely to belong to another pelvic type. 

8. The Bantu pelvic brim index has a mean of 
90-35 + 2-04. The platypellic brim is not average 
or normal for the female pelvis. The conjugata vera 
bears no direct relation to the area of the brim, 
which is the dimension of most value at this level 
of the pelvis. 

9. The Bantu outlet at the plane of least pelvic 
diameters shows relative contraction only when the 
mean area of 88-8 sq.cm. is taken into account. The 
sum of the intertuberal and the posterior sagittal 
diameters of the outlet are unreliable for assessing 
contraction of the outlet, whether for clinical or 
for comparative purposes. 


Thanks are’ due to Prof. R. A. Dart for allowing 
access to the vaiuable material used for this study ; 
and to Dr L. H. Wells for granting many facilities 
and for his interest in the work. ' 
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THE EVOLUTION AND FUNCTIONAL,SIGNIFICANCE OF 
THE TRANSVERSE CARPAL ARCH OF MAN 


By H. HUGHES, Department of Anatomy, St Thomas’s Hospital Medical School 


Parsons (1900) appears to have been the first to 
suggest that the reduction, in mammals and 
especially in the primates, of the lower end of the 
ulna into a styloid process, and the total exclusion 
of the pisiform from the wrist joint, could be 
correlated with an increased range of adduction at 
this joint. He made no measurements of the range 
of such movement, and ignored the peculiar changes 
in the general form of the carpus which are asso- 
ciated with this’ increase and which reach their 
greatest degree of development in the anthropoid 
apes and man. 

It is the purpose of this paper to examine, in such 
comparatively unspecialized tetrapod types as point 
to the probable line of human evolution, successive 
stages in the elaboration of the transverse carpal 
arch and to relate them to the functional develop- 
ment of the wrist joint. The probable sequence of 
stages in the structural elaboration of this joint 
will be described on another occasion. 


MATERIAL 


The following descriptions are based on the dis- 
section or examination of one or more specimens 
of the animals listed below: 


Amphibia Necturus maculosus 
Salamandra maculata 
Reptilia Sphenodon punctatum 
Chelydra serpentina 
Terepina carolina 
Testudo graeca 
Varanus varius 
V. exanthematicus 
Mammalia 
Metatheria Didelphys nudicaudatus 
Dasyurus viverrinus 
Eutheria Erinaceus europaeus 


Sciurus virginiana 
Lemur varius 
Loris tardigradus 
Midas ursulus 
Cebus albifrons 

C. fatuellus 

C. apella 

C. azarae ~ 
Macacus rhesus 
Papio 

Simia satyrus 
Anthropopithecus niger 
Gorilla gorilla 
Homo 


The specimens representative of the Hapalidae, 
Cebidae and Simiidae consisted of skeletal material 
only. 
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DESCRIPTION OF THE GENERAL FORM 
OF THE CARPUS 
Amphibia and Reptilia (Figs. 1, 2) 

In general, the carpus in these groups tends to be 
very broad in comparison with its dorso-ventral 
diameter. There is a pronounced transverse con- 
vexity of the dorsal surface, which appears to have 
been a prominent feature of the earliest tetrapod 
carpus, for it was present in Eryops (Gregory, 
Miner & Noble, 1923): the palmar aspect is perfectly 
flat. Certain other points of some significance for 
the understanding of the carpus of mammalian 
types can be more readily studied in Sphenodon and 
Varanus varius than in smaller animais and are 
accordingly here described in detail. 

Sphenodon. The pisiform occupies a prominent 
position on the palmar surface of the ulnare and 
articulates with this bone by means of a synovial 
cavity. Together these bones form ‘proximally a 
cup-like socket for the rounded head of the ulna. 
The pisiform serves as a point of attachment for 
many of the fibres of the muscle mass on the ulnar 
border of the limb. A wrist joint can hardly be said 
to exist. The manus articulates with the ante- 
brachium by means of two separate joints, the 
radio-carpal and the ulno-carpal. Between these 
joints lies a mass of ligamentous tissue which unites 
proximally the radius to the ulna, and is attached 
distally to the intermedium. The flexor tendons lie 
in a fibrous sheath or tunnel which, except for some 
support afforded to its ulnar side proximally by the 
pisiform, is quite without bony elements in its walls. 
When the carpus is disarticulated so that each row 
of bones can be inspected from its proximal or 
distal aspect it becomes evident that the palmar 
surface is perfectly flat, and that there is no trans- 
verse carpalarch. Abduction-adduction movements 
are rendered almost impossible by the presence of 
the mass of ligament already described, and by the 
reception of the head of the ulna into the socket 
formed by the pisiform and the ulnare. 

Varanus varius. The pisiform, as is frequently 
the case among the Reptilia, is relatively small and 
lies on the ulnar border rather than the palmar 
surface of the carpus. It takes part in the formation 
of the socket for the head of the ulna but not in the 
formation of the carpal tunnel. The carpus is quite 
flat on its palmar surface. As with Sphenodon, 
abduction-adduction movements are impossible 
owing to the mass of ligamentous tissue which 
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intervenes between the two elements of the joint. 
A further check to such. movement is provided by 
the development of a boss on the distal end of the 
radius interlocking with a corresponding pit on the 
proximal aspect of the radiale. The articulation of 
the distal end of the ulna with the pisiform-ulnare 
socket will, in spite of the reduction of the elements 
concerned, have the same effect as in Sphenodon. 
The flexor tendons lie in a tunnel formed by 
retinacula alone and having no bony elements in 
its walls. 

Other amphibian and reptilian types examined 
presented a carpus of the same general form. 


Mammalia 
Metatheria (Figs. 3, 4) 

Didelphys nudicaudatus. The pisiform lies, not 
on the ulnar border of the limb, but on the palmar 
surface of the triquetral. It articulates with the 
ulna. The flexor tendons lie in a well-developed 
fibrous tunnel, the walls of which are considerably 
strengthened proximally by the presence of the 
elongated pisiform on the ulnar border and a 
moderately prominent navicular tuberosity on the 
radial side. On disarticulating the carpus it can be 
seen that there is no transverse palmar arch in the 
region of the distal row of bones. A wrist joint is 
present. It is subdivided by a septum into a larger 
radial and a smaller ulnar compartment. 

Dasyurus. This carpus closely resembles that of 
Didelphys. There is a well-developed flexor tunnel 
in the proximal part of the carpus, but its depth is 
much reduced by the presence of ligamentous tissue 
on the palmar surface of the bones. The main 
support is afforded to the walls of the tunnel by 
the pisiform which here too articulates with the 
ulna. On the radial border the appearance of a 
navicular tuberosity is largely due to the formation 
of a groove for the tendon of the m. flexor carpi 
radialis on the palmar surface of the bone. The wrist 
joint is divided by a septum as in Didelphys. In 
both of these marsupial types slight abduction- 
adduction movement is possible. Abduction (radial 
deviation) is the more free. Movement is, however, 
markedly limited by the articulation of the head of 
the ulna with the pisiform-triquetral socket and by 
the ligamentous septum which divides the joint. 


Eutheria (Figs. 5-9) 

Erinaceus. The carpus and wrist joint of 
Erinaceus closely resemble those of the two mar- 
supial types just described. The deep tunnel for 
the flexor tendons presents a considerable develop- 
ment of bone in its radial wall, where the massive 
scapho-lunar possesses a prominent tuberosity 
which overshadows the relatively small pisiform. 
Examination of the proximal surface of the dis- 
articulated carpus shows that it lacks any true 
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transverse arch in its distal part. There is a proximal 
bony tunnel of the type seen in Didelphys, but 
attaining an even higher degree of development. 
The wrist joint consists, as in the two marsupial 
types described, of two compartments separated by 
a ligamentous septum. Only slight abduction- 
adduction movements are possible. 

Sciurus. The squirrel is a comparatively un- 
specialized rodent in which the carpus and wrist 
joint show some structural advance on that of the 
insectivores. The joint is no longer completely 
divided. The septum has broken down dorsally and 
is much less ligamentous. The pisiform and tri- 
quetral form a socket for the head of the ulna, and 
the pisiform is of the elongated type. It affords 
some support to the ulnar wall of the flexor tunnel. 
There is, however, no true arching of the bony 
carpus either in its proximal or distal part. 

Lemur varius, Loris. In the lemurs the form of 
the carpus departs to some extent from that in the 
types so far discussed. There is a proximal tunnel 
supported by bony walls, similar to that in Erina- 
ceus. The greater difference, however, occurs in the 
distal part of the carpus. Here the unciform presents 
a short bony process which projects into the ulnar 
wall of the flexor tunnel. On the radial border of 
the limb the trapezium gives rise to a ridge of bone, 
more evident distally, which supports the corre- 
sponding side of the tunnel. There is also some 
arching of the metacarpus. The wrist joint is divided 
by a septum and its ulnar part consists of an 
articulation involving the ulnar styloid process, the 
pisiform and the triquetral. A considerable ab- 
duction-adduction movement is possible, the 
significance of which will be discussed later. 

Midas, Cebus. Among the New World monkeys 
there is much variation from species to species. In 
general the styloid process of the ulna lies wholly 
on the dorsal surface of the limb so that only by 
its ventral surface does it articulate with the 
pisiform and triquetral. In Midas ursulus this 
process is not very strongly developed and the 
ulnar element of the joint appears to be divided 
from the radial part by a partial or complete 
septum which is strongly developed ventrally. The 
hook of the unciform is moderately well developed 
and is a true hook. The scaphoid tuberosity is 
prominent. In Cebus fatuellus the styloid process of 
the ulna fails to project beyond the distal end of 
the radius and its articulation with the carpus seems 
to be slight. The hook of the unciform is well 
developed and forms a true hook. The scaphoid 
tuberosity is not particularly prominent. In all 
species the carpus possesses a marked transverse 
arch. 

Papio. The form of the baboon carpus resembles 
much more closely that of Erinaceus or the mar- 
supials than that of the lemurs. The proximal part 
of the flexor tunnel is afforded some bony support 











A 
Fig. 2. Varanus varius Fig.3. Didelphys nudicaudatus 





A A 
_ Fig. 7. Loris tardigradus Fig. 8. Papio 
Figs. 1-9. A. Proximal aspect of proximal row of carpal bones. B. Distal aspect of proximal row of carpal bones. 
C. Proximal aspect of distal row of carpal bones. 
Figs. 1, 2. s, radiale; /, intermedium; r, septum; ¢, ulnare; p, pisiform; c, carpalia; M, metacarpal. 
Figs. 3-9. s, navicular; sl, scapho-lunar; 1, lunate; ¢, triquetral; p, pisiform; a@, tendon cut transversely; tm, trapezium; 
tz, trapezoid; 0, capitate; u, hamate; M, metacarpal; x, sesamoid. 
The centre sketch in each series has been inverted so as to keep the radial and ulnar borders of the carpus in correct position. 
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by the pisiform, but distally the bony carpus is 
quite flat on the palmar surface. The wrist joint is 
divided by a septum which is incomplete dorsally. 
The styloid process of the ulna is received into a 
socket formed by the pisiform and the triquetral. 

Simiidae and man. In the anthropomorphous 
apes and in man the carpus has undergone a con- 
siderable remodelling. The pisiform has migrated 
distally on the surface of the triquetral. The head 
of the ulna has increased in relative size, while the 
styloid process has diminished to such an extent 
that it fails in a!l forms to reach the carpus. The 
wrist joint comprises but a single cavity, the 
septum which sy) limits movements. in the lower 
types having disappeared (Parsons, 1900). A re- 
duction in the size of the pisiform has led to the 
loss of much of the support which this bone afforded 
to the wall of the flexor sheath. On the radial side 
of the limb the tuberosity of the navicular is so 
reduced as scarcely to project beyond the general 
palmar surface of the carpus. The form of the 
proximal articular surface has become such as to 
permit free abduction-adduction movements at the 
wrist joint. Distally the remodelling of the carpus 
has been even more radical: the prominent hook of 
the unciform and the ridge on the trapezium, 
assisted by the development of a well-marked 
transverse arch, provide an almost complete bony 
investment for the flexor tendons. The relatively 
small transverse extent (? in.) in man of the fibrous 
diaphragm which closes the gap in this ring of bone 
relative to the dimensions of the limb as a whole 
provides striking evidence of the extent to which 
bone has replaced fibrous tissue. 


The range of abduction-adduction movements 
at the wrist-joint 
This can be determined by direct measurement. 
An approximate figure also can be obtained by 
measuring the articulating surfaces along their 


Transverse extent Transverse extent 
of articular surface of articular surface 
(including meniscus) on proximal aspect 

on distal aspect of proximal row 
of radius and ulna of carpal bones 


mm. mm. 
* Dasyurus 1l ll 
*Hrinaceus 8-75 8-75 
*Lemur varius 19 20 
*Papio 23 24 
Man: Subject 1 43 53 
Subject 2 44 51 


* These figures represent the sum of the transverse 
extent of the articular surfaces in the two compartments 
of the wrist joint. 


curvature in the plane of the movement under 
investigation. This latter method is useful in cases 
where the bones have been disarticulated, or where, 
owing to long preservation, there is doubt as to how 
far the range of movement elicited from the 
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specimen corresponds to that which might be 
shown by the living animal. The foregoing table 
shows the results obtained by this second method 
in a number of specimens. : 


DISCUSSION 


If it may be assumed that the conditions in the 
animal types described reflect, more or less closely, 
stages in the evolution of the human and simian 
carpal form, the sequence of events may perhaps 
be summarized as follows. The primitive tetrapod 
carpus is perfectly flat on its palmar aspect. This 
flattening may be interpreted as the structural 
expression of the limited function of the wrist joint, 
which is a pure hinge joint. Abduction-adduction 
movements are rendered impossible by the powerful 
intra-articular ligaments incorporated in the septum 
which divides the joint into two cavities. This effect 
is enhanced by the form of the articular surfaces 
(Varanus) and by the presence of an articulation 
between the head of the ulna and the pisiform- 
triquetral socket. In the primitive mammals the 
migration of the pisiform on to the palmar surface 
of the carpus, with a consequent reduction in the 
importance of the ulnar-carpal articulation, and the 
diminution in the extent and strength of the intra- 
articular septum, permit some abduction-adduction 


"movement. That such movement is slight is, how- 


ever, suggested by the dimensions of the articular 
surfaces of the joint and is confirmed by direct 
observation. The contact between the ulna and the 
pisiform-triquetral socket limits ulnar deviation, 
and the limited radial deviation can be accomplished 
only by disarticulating these bones. Such limited 
movement can nevertheless produce angulation of 
the flexor tendons in the region of the carpus, 
tending to distortion of the fibrous tunnel in which 
the tendons lie. Such distortion would perhaps 
interfere with the smooth motion of the tendons, 
or with their blood supply. Accordingly the walls 
of the tunnel are supported against distortion by 
the presence therein of bone, the pisiform on the 
ulnar side and the navicular tuberosity on the 
radial side. The limitation of this movement in 
mammals other than the Simiidae and man may 
be correlated with the limited development of such 
bony support. In the anthropomorphous apes and 
in man abduction-adduction movements are ren- 
dered very free owing to the complete suppression 
of the ulnar-carpal articulation. That this is the 
reason is clear from the very great increase in the 
transverse extent of the proximal articular surface 
of the carpus relative to that of the radius and 
meniscus together. In such a carpus, if no other 
adaptive change occurred, the distortion of the 
carpal tunnel in full adduction or abduction and the 
ensuing interference with the proper functioning of 
the flexor tendons would be considerable. It is in 
such cases that there is found the full development 








Evolution of carpal arch 


of the bony processes in the walls of the flexor 
tunnel. The growth of these processes in the distal 
rather than the proximal part of the carpus is 
possibly dependent in part upon the presence of the 
pisiform proximally, and in part upon the position 
of the axis of rotation of the carpus. According to 
Fick (1911) this axis passes through the head of the 
capitate and meets a line joining the unciform 
process to the ridge on the trapezium. The bony 
processes are most favourably situated to serve as 
fulcra about which the flexor tendons may move. 





Fig. 10. Diagram to show the path followed by the unciform 
process during ulnar deviation, and its relationship to the 
path of displacement of the flexor tendons. A, position 
of axis of rotation in capitate. B, mid-point of hook of 
unciform. C, point to which this mid-point is carried in 
full ulnar deviation. The are of 40° through which it 
moves is indicated by the heavy black line. D, ridge on 
the trapezium. XY, path of displacement of flexor 
tendons. The are BC, which is almost a straight line, is 
practically parallel to the line XY. 


During abduction-adduction movements at the 
joint these fulera move along paths which lie 
approximately parallel to the line of flexor tendon 
displacement (i.e. parallel to the long axis of the 
limb). Situated proximal or distal to their present 
positions they would, if the axis of rotation still 
ran through the head of the capitate, be moved along 
paths which would cut the line of displacement of 
the tendons at a considerable angle. From a 
mechanical point of view this would be an inefficient 
arrangement (Fig. 10). 

The lemurine carpus is peculiar. Measurement of 
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the articular surfaces shows that movement should 
be restricted at the wrist joint, and this is found to 
be the case. Yet the form of the carpus as a whole 
resembles that found in man and the anthropo- 
morphous apes in which abduction-adduction 
movements at the wrist joint are free. Closer study 
of the lemurine carpus shows that the range of 
radial and ulnar deviation is considerable, but that 
it takes place almost entirely at the mid-carpal 
joint. 

The carpus of the New World monkeys is, in 
some respects, so like that of the anthropomorphous 
apes and man as to present a striking example of 
parallel evolution. In this group the development 
of the well-marked transverse arch and bony tunnel 
must be associated with considerable freedom of 
abduction-adduction movement. At first sight, it 
might appear that such movements must be 
rendered impossible because of the persisting ulnar- 
carpal articulation. A small ulnar-carpal articula- 
tion can, however, appear in man without the 
occurrence of any other modification in the carpus 
(Fick, 1911). In such cases slight flexion at the 
wrist joint leads to disarticulation of the ulnar- 
carpal joint and permits free abduction-adduction 
movement. Inspection of specimens suggests that 
this mechanism is operative in the Platyrrhini. 
Unfortunately the nature of the material available 
did not permit of more precise observations. 

A transverse carpal arch has been noted in some 
of the ungulates. It was particularly well developed 
in some of the fossil forms (Osborn, 1890). These, 
however, are highly specialized types in which the 
carpus and manus have undergone profound modi- 
fications in adaptation to a cursorial mode of 
locomotion. It is likely that these adaptive changes 
would follow patterns quite different from those 
found in the primates. It is improbable, therefore, 
that the absence in such ungulates of the correlations 
established in the types discussed in this paper 
seriously weakens the hypothesis here advanced, 
viz. that a transverse carpal arch develops, in the 
course of primate phylogeny, in association with 
such changes in the wrist joint (or the mid-carpal 
joint) as permit free abduction-adduction move- 
ment, and that the arch is better developed in types 
with a greater range of such movement, and is of 
such a form and in such a situation as to facilitate 
the movements of the flexor tendons. 


SUMMARY 


The form of the carpus has been examined in a 
number of vertebrate types which might be expected 
to give some indication of the sequence of events 
in the course of primate evolution. It is shown that 
there is little indication of a transverse arching of 
the carpus in forms below the primates. The arch 
reaches its highest development in the anthropo- 
morphous apes and man, and in them it is associated 
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with a single-cavity wrist joint at which extensive 
abduction-adduction movements can take place. 
The function of the arch seems to be to stabilize the 
carpal tunnel in which the flexor tendons lie and 
thus to facilitate their free movement. 


I am greatly indebted to Prof. A. B. Appleton 
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THE USE OF AN AGAR GEL IN THE SECTIONING OF MAMMALIAN EGGS 


By THE LATE D. M. SAMUEL, Department of Anatomy, St Bartholomew’s 
Hospital Medical College, London 


From time to time various techniques have been 
advocated for the embedding and sectioning of 
small pieces of tissue. Such techniques, to be of 
real value, must provide not only for the safety 
but for the exact orientation of the object. 

In the preparation of isolated mammalian eggs 
there are two main alternatives: (a) to transfer the 
eggs through the various media by means of 
pipettes, electrically heated where necessary, and 
(b) to fix them in some way to a larger object which 
can be more easily handled. Hili & Tribe (1924) 
affixed the eggs to brain substance with photoxylin, 
while Allen, Pratt, Newell & Bland (1930) coagulated 
albumen round the egg thus securing it to the 
bottom of a watch glass in which subsequent 
treatment could be safely carried out. There is no 
doubt that a method which involves minimal dis- 
turbance of the egg is preferable, and anyone 
familiar with the handling of mammalian eggs will 
endorse Chatton’s (1927) dictum, ‘La pipette est 
un instrument perfide’. Neither the use of brain 


and 0-65 %. For use the agar is melted in a boiling 
tube and then kept in a water-bath at about 40° C. 
where it will remain fluid. The 0-65% agar will 
remain fluid for a short time (about 30 sec.) at room 
temperature. 

A thin film of 1-3 % agar is allowed to set firmly 
on a slide. The egg is now added by means of a glass 
pipette with rubber bulb, either direct from the 
fixative or after it has been taken down to water. 
Any excess of fluid is removed with filter paper, the 
egg being watched under a low-power binocular 
microscope. A drop of 0-65 % agar is now added a 
short distance from the egg and allowed to spread 
towards and envelop it; the added agar is allowed 
another 2 or 3 min. to set firmly. A further very 
thin film of 1-3 % agar is now added. When this has 
set, a ‘sandwich’, containing the egg in its centre, 
is cut out from the agar block. Up to twelve such 
agar blocks can be dehydrated and cleared together, 
if pieces of differing shapes are used and recorded 
for individual eggs. 


Egg in 0°65% agar 


woes? 


as 13% agar 
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Text-fig. 1. A scheme to illustrate the method of preparation of the agar ‘sandwich’. 


tissue nor of egg albumen allows the degree of 
orientation obtainable by the method to be 
described. 

During a study of the early development of the 
golden hamster (external zonal diameter of eggs 
approximately 115) it has been found that the 
use of an agar gel as a transparent vehicle has 
effected a great saving of time which would 
otherwise have been spent in sectioning the uterine 
tube and horn. It also enables the available 
material to be used to maximum advantage. 

The method is not new, having been described 
by Chatton (1927) for eggs of Arbacia and recently 
redescribed (apparently without knowledge of 
Chatton’s paper) as a technique suitable for 
mammalian eggs by Green, Barrett & Winters 
(1937). The many alterations and developments of 
the technique made it advisable to present this 
fresh account. 

The stock agar which should be filtered and which 
may be preserved indefinitely by the addition of 
5% formaldehyde, is made in two strengths, 1-3 


The manner in which the agar ‘sandwich’ is 
built up is shown schematically in Text-fig. 1. 

Small blastocysts are dealt with as above, but 
larger vesicles need different treatment. A thicker 
film of 1-3% agar is placed on the slide and a pit 
made in its centre with a heated metal rod. The 
blastocyst is placed in this pit with the minimum 
of fluid and a generous quantity of 0-65 % agar is 
added—this must be at room temperature and the 
greatest danger of collapsing the blastocyst occurs 
at this point.* After the 0-65 % agar is well set a 
film of 1-3 % agar is added and the remainder of the 
procedure is as before. 

Even with eggs in the early cleavage stages some 
degree of orientation can be achieved during em- 
bedding, but the layers of agar should be kept very 


* Cane-sugar solution may be added very gradually to 
the fluid containing large blastocysts before embedding 
them in this manner in order to provide a temporary 
osmotic resistance to collapse when the blastocyst is 
transferred to the agar; fluid is tending to be drawn in 
osmotically just at this critical moment. 
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thin to allow of high-power microscopic examination 


later. Where this is unnecessary, more 0:65 % agar - 


should be used and the object orientated by means 
of a hair held in artery forceps. 

The tendency of the agar ‘sandwich’ to come 
apart may be prevented by sealing its edges with 
the heated handle of a metal scalpel before com- 
mencing dehydration. When the edges of the agar 
piece are firmly set it is gently transferred to 
15-50 % spirit where it becomes firmer and more 
opaque. Dehydration should be carried out 
gradually as the zona pellucida of the egg collapses 
with sudden increases of alcohol concentration. In 
this. study a mechanical apparatus for dropping 
alcohol or spirit into the 15% spirit was used, in 
conjunction with an efficient rotatory stirrer; the 
agar pieces may thus be gradually brought from 
15 to 90% spirit.in 24 hr. After this they are 
gradually taken up to absolute alcohol and then 
transferred to a mixture of equal parts of methyl 
benzoate and a saturated alcoholic solution of 
eosin. After 15 min. they are placed in pure methyl 
benzoate, and after 2 hr. in this clearing agent they 
are examined microscopically. 

It is not difficult, using a low-power objective, 
to find the egg, which is stained brightly by the 
eosin, in the pale pink agar. Methyl benzoate has 
much the same refractive index as cedarwood oil 
and an oil immersion lens may now be used. It is 
lowered with care towards the agar piece which 
may sometimes be slightly indented before the egg 
is fully in focus. With a thin agar piece, however, 
this need not occur if a lens of adequate working 
distance be chosen. The thin overlying layer of 


crystal-clear agar is quite invisible, and much’ 


intracellular detail can now be seen. The optimum 
direction for sectioning is exactly noted by cutting 
a facet on the agar piece, approaching within 
2-3 mm. of the egg. The agar piece, the new shape 
of which must be recorded, is now taken through 
benzene, benzene wax, and paraffin wax before 
being ‘blocked out’. The outline of the agar can 
readily be distinguished in the cold wax and 
orientation to the microtome knife arranged 
suitably. 

Sections at 3-7 » are cut without much difficulty: 
With the naked eye the egg, which is stained, pink 
with eosin, can be recognized in the wax for 
0-2 mm. before it is reached by the knife, even 
though the vitellus may measure as little as 50 » in 
diameter. Ifa hand lens is used to examine the face 
of the block after every tenth section, the egg may 
be detected at an even earlier stage in the block. 
The part of the paraffin ribbon containing the egg 
may now be identified by means of a hand lens and 
the sections mounted and stained in the usual way. 
In the final preparation the agar is not noticeable 
around the stained egg, and in fact one difficulty 
is the finding of the sections on an apparently 


THE LATE D. M. OD 3 


empty slide. It is convenient to mount a few spare 
sections of any tissue below the row of sections 
containing the egg in order to get the correct focus 
before searching the slide. The location of the egg 
may then be marked on the coverslip by any 
convenient method. 

It should be mentioned that Chatton found a 
tendency for the agar to contract at the critical 
stages of dehydration, clearing and embedding. 
A thin brittle film remained which led inevitably to 
loss of the egg as this film splintered upon the 
microtome knife. This contraction has not been 
found to occur in this study unless water has been 
brought into contact with the agar piece either in 
methyl benzoate or in hot wax; should it take 
place, the process is irreversible. 


DISCUSSION 


Until just before implantation takes place, at the 
blastocyst stage, there is no orientation of the eggs 
of the golden hamster within the genital tract. Thus 
not only would the entire uterine tube or horn have 
to be sectioned and mounted in every case but many 
specimens when found would be of lessened value 
owing to an unsuitable plane of sectioning, e.g. eggs 
in the pronuclear or two-cell stages. Again, a 
fortunate and rare chance sometimes secures a 
specimen which it would be difficult to repeat and 


. itis necessary to orientate it successfully. Examples 


of this are shown in PI. 1, fig. 5 and PI. 2, fig. '7, and 
probably at least fifty animals would have to be 
killed to secure similar sections were the uterine 
tube to be sectioned in toto. Two eggs at similar 
stages have, in fact, been sectioned in situ, but in 
each case the orientation is unfortunate and 
histological interpretation difficult. 

Orientation was secured by Chatton at the first 
stage, i.e. when the egg is first placed in the agar, 
when it is possible, for example, to orientate a 
blastocyst successfully. The use of a very thin agar 
piece, however, allows much more to be seen in 
the later stage under an oil immersion lens than is 
observable in the freshly fixed egg, or even in the 
living egg in Locke’s solution. As the egg is de- 
hydrated and cleared, the fatty globules which 
characterize many mammalian eggs will disappear, 
and structures quite invisible before may be 
examined and, more important still, orientated for 
section. The following accounts refer to the ap- 
pearance of cleared eggs in agar using an oil 
immersion lens. 

Single-celled eggs. In order to show the second 
polar spindle and other details of the freshly 
ovulated egg, it is desirable to remove the cumulus 
cells with a trypsin solution. 

Fertilized eggs show very well the two pronuclei 
and the sperm tail. Cow eggs at the pronuclear 
stage have been orientated in this way (Pi. 1, 
figs. 1, 2), although intracellular detail is quite 
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Sectioning of ova 


invisible in the living state, owing to the many 
fatty globules. 

Spindles of first cleavage are seen with varying 
degrees of clarity; the later the phase, the clearer 
is the picture (Pl. 1, figs. 3, 4 and PI. 2, fig. 6). 

Two-cell eggs. As the nuclei are easily visible the 
plane of section may be planned to pass through 
both nuclei even though these may be eccentrically 
placed, as is often the case immediately after the 
first cleavage. 

Later stages. From the two-cell to the morula 
stage orientation for microscopic sectioning is of 
less importance. Occasionally one plane may offer 
a more attractive cell arrangement than another. 
Spindles of division, e.g. in the three-cell stage, 
can be orientated suitably. A typical four-cell egg 
is shown in Pl. 2, fig. 8. Small blastocyst cavities 
can be identified with certainty though they may 
be invisible when the fixed eggs are placed in 
agar. Further details of the later stages appear 
below. 

Use in reconstruction—‘ Optical sectioning’. Studies 
have often been made of cell volume (Huber, 1915) 
and even pronuclear volume (Mainland, 1931). 
Pronuclear thickness was estimated in Mainland’s 
studies by micrometer focusing. It is evident that 
direct photography of the pronucleus (or cell) would 
give this third dimension with greater accuracy. 

Further, shrinkage may occur during the in- 
filtration with paraffin wax, but, since one of the 
diameters shown in the photograph taken of the 
whole egg in agar will also be seen in the final 
histological preparation, such shrinkage may be 
accurately assessed, and the measurements ad- 
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justed accordingly. An ‘optical section’ and a 
microscopical section of the same early blastocyst 
are shown in PI. 2, figs. 10, 11. 

The outstanding value of this method for later 
stages is in aiding wax plate reconstruction. It is 
possible to take serial photographs through the egg 
at the level of each nucleus, and by means of 
micrometer focusing a rough measurement of the 
distance between these ‘planes of optical section’ 
can be obtained. The plane at which the egg should 
be cut on the microtome is decided and marked on 
one of the photographs. This ‘profile’ or lateral 
view is especially of assistance in the reconstruction 
of morulae and blastocysts as the cell boundaries 
which show up most clearly on the photographs of 
the ‘optical sections’ are the least obvious in the 
final mounted preparations, in which they may be 
parallel to the slide and coverslip. 


SUMMARY 


Small objects such as mammalian eggs are embedded 
in an agar gel. This can then be carried through all 
the stages of dehydration and clearing and, while 
in methyl benzoate, the eggs may be examined 
through the agar under an oil immersion lens. 
Nuclear detail may be made out and: orientation 
for sectioning decided. The advantages of serial 
photography at successive levels (‘optical sec- 
tioning’) as an aid to reconstruction are discussed. 


I wish to express my indebtedness to the Central 
Research Funds Committee of the University of 
London for a grant towards the cost of animals 
and material used in this investigation. 
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EXPLANATION OF PLATES 


PuLaTE 1 

Fig. 1. Photograph of the ovum of the cow, in agar; the 
outlines of the pronuclei are seen. x 450. 

Fig. 2. Section of the ovum illustrated in fig. 1. x 640. 

Fig. 3. Photograph of the ovum of the hamster, in agar; 
it shows the chromosomes on the spindle. x 650. 

Fig. 4. Photograph of the ovum of the hamster, in agar; 
it shows the ¢hromosomes at a later stage than in fig. 3. 
x 650. 

Fig. 5. Seotiod of the ovum illustrated in fig. 4. 
x 640. : 


PLATE 2 

Fig. 6. Photograph of the ovum of the hamster, in agar; 
it shows a later stage of division than that shown in 
fig. 4. x 650. 

Fig. 7. Section of the ovum illustrated in fig. 6. x 640. 

Fig. 8. Photograph of the four-cell ovum of the hamster, 
in agar. x 650. 

Fig. 9. Section of the ovum illustrated in fig. 7. x 650. 

Fig. 10. ‘Optical section’ of the blastocyst of the hamster, 
in agar. x 650. 

Fig. 11. Section of the blastocystillustrated in fig.10. x 650. 
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THE BEHAVIOUR AND FATE OF SKIN AUTOGRAFTS AND 
SKIN HOMOGRAFTS IN RABBITS 
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INTRODUCTION 


The ‘natural’ process of wound healing is always 
necessary, but not always sufficient, to secure an 
efficient functional repair of damaged tissue. The 
repair of injuries involving an extensive loss of skin 
has long been recognized to be a surgical problem; 
one for which, in the majority of cases, the operation 
of skin grafting is a fully adequate solution. 

Skin grafting becomes a makeshift when the area 
of skin loss is larger than a patient can make good 
from his own resources. No more can be done, in 
such a case, than to graft the area of loss with 
isolated islands of skin in the shape of discs (pinch 
grafts), shavings, or strips. Skin from another human 
being will not serve as a permanent graft: neither 
in the human subject, nor, it will be shown, in the 
rabbit, is there any evidence that normal cellular 
tissue can survive transplantation between indi- 
viduals of ordinary genetic diversity. The possi- 
bility of using skin homografts in clinical practice 
has been almost, if not quite, universally dis- 
credited.f 


* Working with a part-time personal grant from the 
Medical Research Council. 

+ The literature of skin homografting has been reviewed 
by Gibson & Medawar (1943) and Medawar (19438). 


Although the ‘homograft problem’, as that which 
relates to the grafting incompatibility of tissues may 
be called, has well-recognized and more or less direct 
implications for surgery, genetics, serology, and 
taxonomic zoology, no systematic attempt has been 
made to solve it. There is an urgent need for a 
straightforward description of the behaviour of 
homografts, and of how their behaviour varies with 
the quantity of tissue that is grafted and with the 
recipient’s previous record of graftings from the 
same donor source. Skin is the tissue of choice, 
because it can be made to provide a quantitative 
measure of the time of survival of foreign tissue 
under a variety of different conditions, and because 
like nerve and bone (but unlike glandular tissue) it 
can be grafted ‘isotopically ’—into an anatomically 
natural environment. The pinch or discrete graft 
has proved to be superior to the continuous sheet 
graft for the following reasons: (a) it is technically 
the easiest to work with; (b) it can be cut to a fairly 
uniform size, and so makes possible a regulation of 
the dosage of grafts that an animal receives; (c) it 
grows by lateral spread of epithelium around its 
margin, and the extent of this outgrowth provides 
a useful quantitative measure of the efficiency of 
grafts of various types; and (d) single members of 
a uniform population of pinch grafts may be re- 
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moved at regular intervals for histological examina- 
tion, with the object of constructing a serial record 
of their behaviour and ultimate fate. 

The rabbit was chosen as experimental animal, 
more for its size and ease of supply than for any 
intrinsic merit. Its serological peculiarities do, how- 
ever, throw some light on the homograft problem. 
The 181 rabbits that are reported on here were taken 
from the miscellaneous stock of half a dozen different 
suppliers, in the belief that the use of material which 
is completely heterogeneous in the genetical sense 
is the correct alternative to using properly inbred 
stock. No such stock is, in any case, available. 


TECHNIQUE 


The standard operation is the transplantation of 
pinch grafts from the outer aspect of the thigh to 
the lateral thoracic wall. Differences of detail be- 
tween experimental and orthodox surgical practice 
are governed by the difference in structure between 
human and rabbit skin, and more particularly by 
the fact that the integument of the rabbit is freely 
mobile over the body wall. 


Structure of rabbit skin. The superficial epidermis averages 
0-006 mm. in thickness, and consists of one or of two 
‘staggered’ (offset) layers of plate-like cells bounded ex- 
ternally by a very delicate cuticle. Stratum granulosum 
and stratum lucidum are absent. The principal part of the 
dermis which underlies it, 0:40-2:00 mm. in thickness, is 
composed of stout collagen fibres in the typical three- 
dimensional packing of compact connective tissue. It 
grades superficially into the papillary layer, where the 
fibres are smaller and in more open packing; and below, 
rather sharply, into a layer where the fibres are orientated 
two-dimensionally in the plane of the integument. At this 
deeper level, therefore, the skin ‘splits’ naturally from its 
substratum. The principal arteries, veins, lymphatics and 
nerves of the integument travel in the fascial layer, and 
they likewise run in the plane of the integument. 

The dermis is bounded beneath by the panniculus car- 
nosus, a layer of striped muscle formed in the thoracic 
region by the cutaneous maximus, which divides the plane- 
orientated fibres of the dermis from the loose areolar tissue 
which unites the integument to the body wall. The fibres 
of the panniculus are knit together by a distinct epimysium 
above it and below. 

The density of packing and the degree of slope of the 
hair follicles varies from one place to another. The sebaceous 
glands are simple acini ranging from 0-025 to 0-030 mm. in 
diameter, and containing perhaps a dozen cells. They open 
into the lumen of the hair follicle about two-thirds of the 
way up from its base to its external aperture. 


Preparation of the donor area‘and cutting of grafts. 
The grafts are cut from the very closely clipped skin 
of the outer aspect of the thigh. (Although the 
trauma caused by shaving is ultimately repaired, 
it complicates the interpretation of histological 
specimens; and if the donor area is shaved some 
days before operation, the traumatic thickening of 


the epidermis destroys one of the most valuable. 
measures of the extent of cellular activity in the 
grafts.) 

Immediately before operation, the skin of the donor area 
is rubbed for 1 min. with soap and water, rinsed for a few 
seconds in a fine jet of surgical spirit, and dried with a 
sterile swab. A tent of skin is raised by means of towel 
forceps with points sharpened and so adjusted that they 
only just overlap, and then sliced off by a horizontal incision 
through its base. No more than 0-05 mm. of the fascial 
planes that immediately underlie the compact connective 
tissue of the dermis-is included. If the skin is thick, the 
graft has the button shape characteristic of human pinch 
grafts (Text-fig. 1a); but more usually (Text-fig. 1b) the 
graft is a flat oval disc, less like a pinch graft than a ‘ Wolfe’ 
(full-thickness) graft of that size and shape. 


As each graft is cut, it is laid raw side down on 
the bottom of a dry sterile Petri dish. The donor 
area requires no dressing other than a thick dusting 
of sulphanilamide powder, which need not be sterile. 

A large pinch graft has been used in all experi- 
ments except some of those relating to the signi- 
ficance of graft dosage. Fifty such grafts from ten 
different donors, weighed in ten batches of five, 
gave a mean wet weight of 0-058 g. ranging from 
0-028 to 0-108 g., with a modal class of 0-045-0-055 g. 
Median sections of twenty-five further grafts from 
twenty-five separate donors ranged from 0-37 to 
1:90 mm. in thickness with more than a hint of 
bimodality (cf. the weights): 


mm. 
0-35-0-50 eH 
0-51-0-65 HEAKKAKEK 
0-66-0-80 * EEE 
0:81-0:95 * 
0-96-1-10 * 
1-11-1-25 ** 
1-26-1-40 ** 
1-41-1-55 * 

1-90 + 


The average diameter of the grafts, measured along 
the major axis of the oval after fixation in full ex- 
tension, was found to be 8-5+0°3 mm. standard 
sampling error. The epithelial. area of the ‘large’ 
graft is thus reasonably uniform; its thickness is 
the principal variable. 

The small graft (Text-fig. 1c) used in a number of 
experiments on the significance of graft dosage gave 
a mean weight of 0-0058 g., ranging from 0-0048 to 
0-0074 g., the estimate being based on fifty grafts 
weighed in five batches of ten. Their diameter, not 
accurately computed, ranged between 2 and 3 mm. 
‘Large’ and ‘small’ grafts are hereafter used as 
technical terms. 

Pigmented skin has not been used for grafts. 
Animals bearing homografts were in no case used 
as graft donors. 

Preparation of the recipient area and transplanta- 








178 
jion of grafts. The grafts are transplanted within 


half an hour of removal to a rectangular raw area 


on the lateral thoracic wall stripped down to, but 
not including, the vascular fascial planes imme- 
diately overlying the panniculus carnosus. The ribs 
offer a firm substratum for the grafts; and if the 
integument moves, the grafts move with it. 


The side of the thorax is shaved over a wide area and 
rubbed with 2% v/v Dettol, which is allowed to dry on, 
immediately before the boundaries of the recipient area are 
defined by light scalpel incisions. The size of the raw area 
should be such that the grafts may be spaced 14-2 diameters 
distant from each other and from the edges of the area. 
Smooth, almost horizontal strokes with the scalpel will 
cause the skin to ‘split’ in the required plane. The cutting 
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tudinal vessel group (which traverses the raw area 
somewhat below its midline) should be avoided when 
the first biopsy specimen is removed. 

For homograft operations, and for the cutting of 
grafts, ether: anaesthesia is sufficient. Autograft 
operations are somewhat longer, since grafts are 
cut from and transplanted to the same animal; for 
these, anaesthesia may be induced by Nembutal 
(1 grain/kg.) and maintained by ether. 

Dressings. It has been established by surgical 
practice, and here confirmed for experimental, that 
pinch grafts will take in 100% of cases if they are 
transplanted to a clean vascular bed and held there 
under moderate pressure until primary healing is 
complete. Since conditions are ideal on the former 
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Text-fig. 1. The shape of (a) a large pinch graft cut from thick skin, and (6) from thin skin; (c) the bevel-edged shape 
of the small pinch graft; (d) a typical operation-field map, showing the distribution of pinch grafts in relation to the 
main vessel tracks; (e) a ‘mosaic’ graft: small autograft within large homograft. 


of small ascending vessels is inevitable, and these should 
be lightly cauterized before the grafts are planted. Thin 
grafts always shrink and may curl up in the interval be- 
tween cutting and planting; when they are in position they 
must therefore be smoothed out by firm strokes from the 
centre outwards. As a prophylactic measure, the operation 
field is lightly dusted with sterile sulphadiazine powder 
(140° C. dry heat for 14 hr.). (I have not examined the 
consequences of omitting this precautionary step; since the 
rabbit is fairly resistant to infection, they may not be 
serious. But experience has shown that if sulphadiazine 
powder is used, it must be sterile.) 


It is extremely useful to make a map of the opera- 
tion field showing the relationships of the grafts to 
the principal blood vessels (Text-fig. 1d). Grafts 
that are immediately underlain by the main longi- 


score, everything depends upon the nature of the 
dressings and the manner in which they are applied. 
The following routine has given uniformly successful 
results. 


First, the operated area is covered with a 3 x 4 in. rect- 
angle of ‘tulle gras’, home-made by impregnating fine open 
wove bandage with vaseline and liquid paraffin in such 
proportions (about 2:1) that the tulle is tacky and self- 
adherent at body temperature. (Commercial tulle is too 
widely meshed and too expensive.) Over the smoothed-out 
tulle is placed a similar-sized pad made from two thick- 
nesses of folded surgical gauze. The entire thoracic wall is 
then firmly and evenly wound with 2 yd. of 3 in. bandage. 
This is the critical stage; with experience, it soon became 
possible to keep the pressure on the grafts perpendicular 
for the first few turns. 
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In theory, the animal should require no further dressing; 


but it is most desirable that the bandage should be made 
self-adherent and (incidentally) unpalatable. For this pur- 
pose I have used 1 yd. of 4 in. bandage (‘Cellona’) impreg- 
nated with plaster of Paris. The plaster does not and is not 
intended to form a rigid capsule: it can be cut off with 
scissors when the occasion arises. Only in preliminary 
experiments, in which I used a pressure pad of cotton-wool 
in conjunction with the other dressings, did I find that the 
animals suffered any distress; and here it was associated 
only with the mistaken use of pads cut to the size of the 
operated area, instead of covering the whole thoracic wall. 
Pressure pads in general soon proved to be wholly un- 
necessary. 


Change of dressings and removal of biopsy speci- 
mens. Animals from which biopsy specimens are 
removed every 4 days have their dressings changed 
accordingly; otherwise dressings are changed at 
6-day or 8-day intervals. The first change is more 
difficult than the remainder, because the hair stumps 
on the grafts often stick firmly to the tulle. The old 
dressings must therefore be removed with the great- 
est care after the tulle has been thoroughly wetted 
with sterile Ringer solution. Failure to observe this 
precaution may result in the graft being pulled out 
from its bed, which forms a shallow, flat-bottomed 
vascular crater in the raw area. 


The raw area should be dryish and of a delicate salmon 
pink colour. The track of the principal vessels of the vascular 
layer is still recognizable at 4th day post-operatively, but 
becomes obscured thereafter. I have found it best to remove 
the graft serving as biopsy specimen, with the tissue around 
it, by bold rectangular incisions through the panniculus 
carnosus and down to, but not including, the areolar tissue 
beneath it. Much less trauma is caused by this radical 
excision than by attempts to slice off the graft in some 
intermediate plane. Bleeding can usually be checked by 
the application of light pressure with a swab for 1 min.; 
but if one of the larger vessels of the integument traverses 
the graft bed, clamping with mosquito forceps may be 
necessary. 

After biopsy, the raw area as a whole is lightly dusted 
with sulphadiazine powder, and the biopsy donor area 
rather more thickly. Dressings are similar to those applied 
post-operatively, except that the plain bandage may be 
reduced to 1 yd., and the plaster-impregnated bandage 
to $ yd. 


Inlater dressings there is no danger of the grafts 
pulling out by sticking to the tulle gras, which may 
be removed without special precautions. The raw 
area closes by outgrowth of epithelium from “he 
grafts, ingrowth of epithelium from its sides, and 
by contraction, principally across the dorso-ventral 
axis. The contraction of the raw area has the effect 
of bringing the grafts closer together than they were 
at first planting. 

Histological. technique. A uniform histological 
routine has been adopted for all biopsy specimens 
from which measurements are taken. The specimen 


is laid raw side down on squares of filter paper and 
fixed for 24-80 hr. in Zenker’s fluid without acetic 
acid (and without added formaldehyde). . 


Thereafter the procedure has been: running tap water 
overnight; iodized 50% alcohol 2-hr.; methylated spirit 
2 hr.; 14 hr. in each of three changes of absolute alcohol; 
first cedarwood oil overnight; second cedarwood oil:for the 
following day; ligroin overnight; then immediate immersion 
in the first of three successive 3 hr. impregnations with 
57° C. paraffin wax, in which the specimens are finally 
imbedded. 

The blocks are cut vertically and serially from end to 
end by alternating a fixed number of microtome strokes 
at 8 with a fixed number, usually 30, at 20u. The thinner 
strips are assembled in order. The first section from each 
strip is mounted on one slide, the second from each strip 
on a second slide, and so on up to five or six. Each slide 
therefore mounts an average of ten equally spaced vertical 
sections through the block. Two have been stained with 
Ehrlich’s haematoxylin followed by aqueous orange G and 
alcoholic eosin; a third with Regaud’s (a speeded-up variant 
of Heidenhain’s) haematoxylin with or without one of a 
variety of background stains; a fourth with celestine blue 
or haematoxylin and picro-fuchsin (van Gieson); and.a fifth 
with haematoxylin, xylidene red, and light green (Masson). 


This technique is similar in essentials to that 
described by Gibson & Medawar (1943). Its ad- 
vantage is that a close neighbour of a section stained 
by one method is stained by a variety of others. 

Terminology. In the classification of specimens 
and in the terms used to describe them, I have again 
followed Gibson & Medawar (1943). The epidermal 
layer on top of the graft is the ‘graft roof’, and that 
part of the raw area on which the graft is planted 
is distinguished from the rest by being called the 
‘graft bed’. The tissue between the grafts and over- 
lying the panniculus carnosus is called the ‘outlying 
tissue’; the term ‘raw area’, which describes its 
surface before, in due course, epithelium covers it, 
would clearly be misleading. Epithelium of new 
formation is ‘spread epithelium’, and is differen- 
tiated into inner and outer rings and margin (Gibson 
& Medawar, 1943, Text-fig. 1). The inner ring is that 
which has a cuticle sufficiently well developed to 
be visible to the naked eye. When grafts coalesce 
with each other or with epithelium that has grown ° 
in from the margins of the raw area, all the spread 
epithelium acquires ‘inner ring’ character. 


THE BEHAVIOUR OF AUTOGRAFTS * 


The autograft operation is one in which eight large 
pinch grafts are transplanted from the thigh to the 
thoracic wall in the manner just described. The 
behaviour of autografts has been reconstructed from 
the serial record provided by six animals, from each 
of which a biopsy specimen was removed every 4th 
day from the 4th to the 24th days inclusive. There 
were no consistent differences between one set. of 
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grafts and another, and the description which 
follows applies without reserve to them all. 


Outward appearance. By the 4th day, the grafts acquire 
a delicate pink flush. Outgrowth over the raw area is not 
usually visible to the naked. eye, though histological exami- 
nation shows that it has, in fact, taken place. By the 
8th day outgrowth is obvious: the grafts are more or less 
symmetrically ringed by 24-34 mm. of thickly cuticularized 
epithelium, and their pink colour is either lost or obscured 
by the exfoliatioris over the graft roof. Coalescence between 
neighbouring grafts, and between the marginal grafts and 
the ingrowing epithelium from the edges of the raw area, 
is usually complete at the 12th day but for diamond-shaped 
intetstices framed between them. The grafts, which at the 
8th day are lifted above the surface of the raw area, now 
sink flush with it. Contraction of the raw area, most pro- 
minent dorso-ventrally, supplemented by ingrowth from 
its sides and outgrowth from the grafts completes the 
epithelial surface by the 16th day. Exfoliation of cuticle 
remains abnormally vigorous; but if the excess layers are 
scraped away, fine new hairs may be seen to have pierced 
the graft roof. 'Their orientation is governed by the original 
orientation of the graft. 

Dermis, blood vessels, and graft bed. Primary healing, and 
the through-and-through invasion of the grafts by blood 
and lymphatic vessels, is complete by the 4th day. The 
vessels in the lower reaches of the dermis have differentiated 
into well-defined arterioles and venules (cf. Pl. 1, fig. 13), 
the former up to 0-03 mm. in diameter of lumen, the latter 
somewhat larger. The size of these differentiated vessels 
falls off from the deeper layers of the graft towards the 
surface: arterioles of the papillary layer are little larger 
than capillaries. 

These vessels may be said to form the ‘definitive’ circu- 
lation of the grafts. The process of vascularization is, how- 
ever, accompanied by mild traumatic inflammation, one 
expression of which’is the fact that many of the capillaries 
become dilated and engorged with red cells (cf. Pl. 1, fig. 15). 
Such ‘wound vessels’, as they may be called, are by far the 
most prominent in the graft, for though they retain the 
simple endothelial lining and extremely tenuous collagen 
sheath of capillaries, they commonly range from 0-05 to 
0-07 mm. in diameter of lumen. Wound vessels are end- 
products. At first they stagnate (an inference which can 
be drawn from the presence of pyknotic or otherwise de- 
generate leucocytes within them), then the endothelial 
lining disrupts and the lumen of the vessels is obliterated. 
The great majority have disappeared by the 8th day. 
Rarely, one or two persist until the 12th. 

The ‘definitive’ vessels of the graft become reduced in 
size and more particularly in number from the 4th day 
onwards. By the 24th day they are little larger and hardly 
more abundant than in normal skin (PI. 1, figs. 8, 9). 
Lymphatics, however, reach the peak of their development 
between the 8th and 12th days, when they may reach 
0-075 mm. in diameter. In the earlier stages, particularly 
at the 8th day, they may be found to contain mononuclear 
phagocytes, miscellaneous degenerate leucocytes, and even 
occasional red cells; and although this cellular matter soon 
disappears from their lumina, lymphatics still remain ab- 
normally large and abundant at the 24th day. 
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New collagen is laid down in the graft dermis during its 
union and subsequent differentiation in association with 
(a) the blood vessel walls, (b) the bold dermal papillae 
defined by the indentations which the graft roof acquiies 
when the original hairs are thrown off (a process described 
fully below), (c) the new depots of glandular epithelium 
and the new hair follicle primordia, which are supported in 
a delicate collagenous scaffolding of new formation (Pl. 1, 
figs. 10-12). This collagen might have been formed by cells 
carried over with the graft itself, or by their descendants; 
but evidence from the study of homografts, discussed later, 
suggests that the cells forming new collagen in all three 
places come exclusively from the graft bed. 

The traumatic inflammation associated with primary 
healing and the establishment of a circulation is represented 
partly by the vascular proliferation already noticed; partly 
by a feeble outward migration of monocytes from the 
vessels, so that the cellular population of the graft becomes 
abnormally rich; and partly by oedema. The oedema leads 
to a slight swelling of the dermis and of the fascial planes 
of the graft bed, which reaches its peak at the 8th day. 
Thereafter the swelling subsides, and the collagen-fibre 
packing returns to normal. The fascial organization of the 
graft bed, temporarily disturbed by capillary and fibro- 
blastic proliferation, re-establishes itself between the 16th 
and 24th days (PI. 1, fig. 9). 

Epithelium. The behaviour of the epithelial elements 
provides a delicate and efficient record of the progress and 
differentiation of the graft. Outgrowth of a thin but multi- 
layered epithelial sheet, sometimes originating from a hair 
follicle and always more extensive in the direction of hair 
slope than on the opposite side, has reached a distance not 
exceeding 1-0 mm. by the 4th day. During the same period, 
the graft roof epithelium swells from its normal thickness 
of about 0-006 mm. to 0-015+ 0-002 mm. Two or possibly 
three processes play a demonstrable part in the thickening. 
The first (Pl. 1, fig. 1) is the swelling of the nuclei from 
their normal plate-like shape to frank ellipsoids; and this 


- is associated with a swelling of the cytoplasm, a temporary 


obscuring of distinct cellular interfaces, and a slight re- 
duction in the otherwise strongly basiphilic reaction to- 
wards haematoxylin dyes. Secondly, there is an amoeboid 
upward migration of follicular epithelium towards the 
surface, the external openings of the hair follicles now 
shaping themselves into a trumpet-like flare instead of into 
the familiar goblets (cf. Pl. 1, fig. 6; Pl. 2, fig. 16; Pl. 3, 
fig. 29; Pl. 4, fig. 45; etc.). Thirdly, mitoses may play a 
part, though their infrequency suggests that it cannot be 
an important one. 

Between the 4th and 8th days there is a most spectacular 
outburst of proliferative activity. The graft roof (Pl. 1, 
fig. 2; Pl. 2, fig. 16; etc.) now thickens up to sevenfold 
(0040+ 0-005 mm.) and acquires the vertical differentia- 
tion that is characteristic of thick mammalian epidermis 
(multilayered cuticle; a granular layer of plate-like cells; 
an intermediate layer of more or less iso-dimensional cells; 
and strongly basiphilic columnar cells of the basal layer). 
The repeated exfoliations (Pl. 1, figs. 3, 6, 7, etc.), accom- 
panied by the persistent upward migration of follicular 
epithelium, have a characteristic effect: ail the original 
hairs of the graft are thrown off, and the graft roof comes 
to be crudely indented with cone- or flask-shaped re- 
































entrants (Pl. 1, figs. 6-9; Pl. 2, fig. 16; Pl. 3, fig. 30; and 
many others). This throwing off is probably a by-product 
of the proliferative and amoeboid activities of the epi- 
thelium: it may not occur in grafts which are accurately 
fitted to a raw area of just the right size—grafts in which, 
therefore, outgrowth and the need for ‘paying out’ cells 
does not occur. The upward migration of follicular epi- 
thelium leaves a long-persistent mark on the structure of 
the grafts, for the glandular acini come to lie almost at the 
base of the indentations of the roof which mark the original 
positions of the thrown-off hairs (PI. 1, fig. 6) and the strips 
of arrector muscle lie right across the dermal papillae. 
Proliferative activities extend to all the epithelial ele- 
ments of the graft. Multiple acini of new glandular epi- 
thelium are elaborated—in extreme cases reaching 0-10 mm. 
in diameter—and primordia of new hairs are laid down 
(Pl. 1, fig. 10; cf. Pl. 2, fig. 16; Pl. 4, fig. 45). The spread 
epithelium in the inner ring of new outgrowth thickens to 
an average of 0-13 mm., and like the epithelium of the graft 
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Text-fig. 2. The rise and fall of the thickness of autograft 
roof epithelium, each point representing the mean of six 
independent determinations. 


roof it acquires the vertical differentiation of thick mam- 
malian epidermis (PI. 1, fig. 4). As the epithelium is traced 
away from the graft towards its outer ring (Pl. 1, fig. 5) 
the development of the cuticle is seen to become pro- 
gressively more feeble. The cells of the extreme margin 
(which—cf. Pl. 2, fig. 23—is typically blunt and rounded) 
show the secondary pathological changes already described 
and figured in some detail by Gibson & Medawar (1943). 
For some reason they provoke a mild non-specific inflam- 
mation (PI. 1, fig. 5) in the tissue underlying them. 

After the 8th day, the graft enters a phase of differentia- 
tion accompanied by many retrogressive changes. The graft 
roof simplifies morphologically and (Text-fig. 2) thins out; 
by the 12th day a single layer of granular cells remains 
(Pl. 1, figs. 3, 6); by the 16th day the granular layer is lost 
(Pl. 1, fig. 7); and by the 24th (Pl. 1, figs. 8, 9) the graft 
roof is no thicker than the epidermis of normal skin. The 
largest glandular depots soon ‘explode’ (Pl. 1, fig. 6); 
sometimes a thin sheath of glandular cells surrounds an 
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otherwise empty lumen. By the 24th day (PI. 1, figs. 8, 9) 
a progressive reduction of their size and number reduces 
them almost but not quite to the level of normal skin. The 
differentiation of hairs is, however, progressive; the pri- 
mordia laid down between the 4th and 8th days and added 
to thereafter mature rapidly (Pl. 1, figs. 11, 12) and fine 
new hairs pierce the graft roof by the 12th day, or between 
the 12th and 16th. Not merely the slope, but also the 
pattern of the mature hair follicles is controlled by the 
structure of the collagenous endoskeleton of the original 
graft. If the graft contained multiple nests of hair follicles, 
multiple nests are developed when the hairs are newly 
formed (PI. 1, fig. 9). 

Outward spread of epithelium from the graft is pro- 
gressive up to the time of coalescence—either with epi- 
thelium from another graft, or with that which has spread 
inwards from the margin of the raw area. The spread 
epithelium shares in the thinning out and structural simplifi- 
cation of the graft roof, but much less prominently. The 
average thickness at 24 days is still 0-032 mm., one-quarter 
of its maximal thickness at 8 days, but still five or six 
times thicker than the epidermis of normal skin. 

The outlying tissue. At the moment of operation the 
‘raw area’ consists of the fascial planes of the deeper layers 
of the dermis in which the principal vessels of the integu- 
ment run. Its subsequent evolution, of which a very short 
account is given below, is familiar from our knowledge of 
healing by ‘second intention’. 

The fascial planes become distended by oedema fluid and 
fibrinous matter, and are ‘organized’ from below by the 
upwardly directed growth of capillary vessels. By the 
8th day (PI. 1, fig. 4) a brisk orientated fibroblast reaction 
has developed, and new collagen is laid down in a charac- 
teristic fashion, viz. a loose trellis-work of fibres orientated 
in the plane of the integument, with bolder mature fibres 
traversing the trellis-work vertically. Collagenization is 
progressive; as it proceeds, the fibroblasts become reduced 
in number and individually attenuated, as if they were 
squeezed out by the connective tissue they form. Blood 
vessels and, much more slowly, lymphatics likewise thin 
out in size and number, and traumatic inflammation be- 
comes reduced to a feeble mobilization of histiocytes in the 
neighbourhood of the vessels. A capillary bed associated 
with a characteristic plexus of mature staining collagen 
fibres is established a little below the ingrowing or out- 
growing epithelium, and from this basis capillaries pass 
upwards and loop round (cf. Pl. 1, fig. 4) in the papillae 
defined by the digitate or blunt and rounded ingrowths of 
the surface epithelium. 

New hairs are not formed in the fibrous tissue of the 
outlying field by the 24th day. Evidence will later be given 
to show that this is because the connective tissue endo- 
skeleton is not of the right pattern, and not because the 
new epithelium, however ‘immature’ it may appear to be, 
lacks any part of its normal capacity to manufacture new 
hairs. 


Summary. The evolution of autografts falls into three 
principal periods: 

(a) a period of primary union and vascularization, charac- 
terized by migratory and amoeboid activities of cells of 
all types; 
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(6) a period of generalized hyperplasia, in which all the 
cellular elements of the graft participate; 

(c) a period of partially retrograde differentiation, during 
which the grafts return towards the condition of normal skin. 


These three stages will be made the base-line for 
a general comparison between autografts and homo- 


grafts. 


THE BEHAVIOUR OF HOMOGRAFTS 
Introduction 


Altogether 121 homograft-bearing animals have 
been studied. Of these, seventy-eight showed a 
total breakdown of all the foreign cellular elements 
of the grafts at the time of examination, or at the 
last examination of a series; eleven showed break- 
down in progress (PI. 3, figs. 30-82), but not, at the 
time of examination, complete; and nine showed 
the specific degenerative changes that are the pre- 
cursors of breakdown. On the remaining twenty- 
three, which include the majority of 4-day and 8-day 
specimens from lower-dosage graft bearers (q.v.), 
no judgement can be passed. 

There is therefore no evidence that. homografts 
can be transplanted with permanent success be- 
tween rabbits of a genetically heterogeneous popu- 
lation. 

The evolution of homografts of all types may, 
without exception, be resolved into two successive 
and well-defined time stages: 

(i) The primary cycle, during which homografts 
exhibit cellular activities of a type similar to those 
of autografts. It is the rule with lower-dosage 
grafts, and the exception with higher, that the 
primary cycle extends in time beyond the period 
of generalized hyperplasia (see above) into that of 
differentiation. 

Superimposed upon the otherwise autograft-like 
events of the primary cycle is the entire range of 
the phenomena of acute inflammation, one conse- 
quence of which is a massive invasion of the grafts 
by leucocytes of native origin. The primary cycle 
closes when the inflammation reaches a peak of 
violent intensity, and every living element in the 
graft, irrespective of its source of origin, breaks 
down. 

(ii) The secondary cycle. The dermis is then at 
once reinvaded by. capillary vessels from the graft 
bed and populated anew by leucocytes of native 
origin (the ‘secondary native population’). Epi- 
thelium sweeps in from the margins of the raw area 
and either overgrows or undermines the naked 
collagenous pad which is all that remains of the 
homograft. Inflammation subsides into the chronic 


state. 


High-dosage homografts 
Homografts described as of high dosage are those 


borne by animals which weigh not less than 2 kg. 
and not more than 2$kg., and which receive a 


modal average weight of 0-36—-0-44 g. foreign skin in 
the form of eight large pinch grafts. The operation is 
thus identical with that upon which the study of 
autografts was based, except that the grafts are 
cut from the thigh of some animal other than that 
which becomes their recipient. 

The behaviour of high-dosage homografts has 
been reconstructed from the serial study of ten 
animals, from each of which biopsy specimens were 
removed every 4th day from the 4th to the 20th 
days, supplemented by the study ‘in parallel’ of 
five further animals, from which all the grafts were 
removed at 4, 8, ..., 20 days respectively. (For 
reasons given later, these ‘parallel’ graft-bearers 
received not eight large grafts, but seven large and 
three small. The total dosage of grafts is effectively 
the same.) 


The parallel series will not be mentioned specifically 
hereafter: they were done to confirm the impression given 
by naked-eye inspection, that degenerative changes take 
place simultaneously in all the grafts transplanted from a 
given donor to a single raw area on a given recipient. No 
measure of the intensity of the homograft reaction can be 
devised, which distinguishes in any way between the mem- 
bers of such a uniform population. 

This judgement is reinforced by what may be called the 
perfect consistency ‘in series’ of the ten animals from which 
grafts were removed at 4-day intervals. The biopsy specimen 
removed from animal 101 at the 8th day, for example, 
showed the mildest inflammation of all 8-day specimens; 
alone among the others, the 12-day specimen gave no indi- 
cation of epithelial breakdown; and the 16-day specimen, 
again unique, showed persistence of foreign epithelium over 
the graft roof (PI. 4, fig. 37). Conversely, 12-day specimens 
taken from a population of grafts in which breakdown is 
evidently in progress at the 8th day, invariably show total 
breakdown of long standing. 

There have been no anomalies in the serial record from 
this or from any other group of experimental animals. The 
technique of repeated graft sampling may therefore be 
supposed to give a faithful and accurate picture of the 
evolution of homografts. 


The time-relations of the homograft reaction vary 
from one pair of animals—donor and recipient—to 
another; but for convenience the reaction will be 
described as violent when it reaches its peak by 
the 8th day, and mild when it reaches it after the 
12th. The gradation is continuous, of course; the 
majority of animals show a reaction that is inter- 
mediate in all respects. 


Outward appearance. At the 4th day there is nothing to 
choose between the outward appearance of autografts and 
homografts; thereafter it varies with the intensity of the 
reaction. An intermediate between violent and mild break- 
down will be described. i 

At the 8th day the grafts are ringed with 23-34 mm. of 
more or less symmetrical outgrowth, the cuticle over the 
surface of which is unwettable and has the dry shiny white 
appearance of healthy autograft epithelium. No progress 
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takes place between the 8th and 12th days; at the 12th, 
the cuticle loses its unwettable character and becomes 
almost/like a film of fibrinous matter or pus. It can now be 
scraped off with a scalpel, leaving a whitish film beneath; 
and if the cuticle is thick enough, it can be pulled off in 
strips which often carry parts of the graft roof with them. 
The raw area (as with the loss of epithelium it again 
becomes) granulates afresh. Meanwhile the grafts them- 
selves undergo a constant and characteristic series of 
changes. By the 8th day they are so turgidly swollen as to 
stand out like buttons from the level of the outlying tissue; 
and this swelling persists thereafter. The very delicate pink 
flush which autografts acquire with primary union and 
then lose here deepens to brick red, dark brick red, brown, 
and finally, by the 16th or 20th days, to black. Eventually 
the roofing epithelium of the graft can be pulled or scraped 
off, leaving a pitted and leathery collagenous pad behind. 
If the epithelium is not pulled off, the grafts acquire a 
characteristic frilled appearance, the frill being formed 
from dried cuticular debris. 

The ‘wetting’ and loosening of spread epithelium is com- 
plete, with violent breakdown, by the 8th day. In milder 
breakdown, outgrowth proceeds beyond the 8th day, so 
that the grafts coalesce with each other and-with native 
epithelium from the edges of the raw area. The swelling anc. 
discoloration of the grafts is correspondingly retarded. 

Dermis, blood vessels, and graft bed. The primary healing 
of homografts is as secure as with autografts, and all, 
however violent the reaction they elicit, acquire a definitive 
circulation of small arteries and veins (PI. 1, fig. 13). New 
collagen (now to be called primary native collagen) is laid 
down in the same places and in the same way. The vascular 
response is, however, much more intense. A far higher 
proportion of the invading capillaries become converted 
into the dilated and engorged ‘wound vessels’ which in 
autografts are formed merely as a short-lived accompani- 
ment to traumatic inflammation; they are, moreover, added 
to between the 4th and 8th days. Wound vessels, though 
anatomically capillaries, commonly range from 0-10 to 
0-15 mm. in diameter and may exceptionally reach 0-20 mm. 
Haemorrhage, diffuse yet in the main perivascular, is the 
rule at the 4th day. 

The definitive blood vessels and the lymphatics share in 
the general proliferation: Pl. 2, fig. 16, illustrates their 
extraordinary richness. 

The subsequent behaviour of the vascular system of the 
graft and the rate of development of the inflammatory 
reaction vary from one graft-bearer to another. It is con- 
venient to describe a mild reaction first, because the changes 
to be described are more widely spaced out in point of time. 

By the 8th day (PI. 2, fig. 16) the graft is densely invaded 
through its vessel walls by a primary native population of 
lymphocytes and monocytes—the former predominant— 
so giving rise to the gross cellular halation of the blood 
vessels that is characteristic of the early stages of acute 
but (in view of the role of the lymphocyte) atypical inflam- 
mation. The cells of the primary population spread out- 
wards and upwards through the dermis, though the peri- 
vascular pattern of their distribution is not lost. At this 
stage (loc. cit.) many pyknotic lymphocytes, together with 
phagocytes and red cells, are to be found in the abundant 
and hypertrophied lymphatics. Fluid, as well as cells, 
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passes through the vessel walls: fibrinous matter may be 
found in the fascial planes of the graft bed, and the graft 
swells to twice its original thickness or more (Text-fig. 3). 
‘The inflammatory process reaches its climax with the 
stagnation and with the rupture of the endothelial lining of 
all the blood (PI. 1, figs. 14, 15) and lymphatic (PI. 2, fig. 18) 
vessels, and the breakdown of the primary native popula- 
tion, the cells of which first become pyknotic, then lose 
their cytoplasm, and then finally fragment into distorted 
chromatin droplets. (It is at this stage that the breakdown 
of the foreign epithelium over the graft roof is complete: 
breakdown of the spread epithelium usually anticipates it.) 
In violent breakdown the pathological changes described 
in the preceding paragraph are greatly accelerated and 
intensified. In extreme cases, oedema and diapedesis hala- 
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Text-fig. 3. The oedematous swelling of the dermis of 
(I) high-dosage homografts and (II) 2nd-set homografts; 
each point representing the mean of not less than ten 
independent determinations. The thicknesses of high- 
dosage and 2nd-set homografts differ significantly at the 
4th day, but not at the 8th. The drop thereafter in (I) 
lies within the admissible range of sampling error of the 
estimates. 


tion of the vessels may be well marked by the 4th day; 
and the vascular and lymphatic proliferation is more intense 
and longer sustained. The characteristic feature of violent 
breakdown is the accumulation of the primary native 
population in a wide but sharply defined band—the ‘ black 
band’—at a medial level of the dermis (Pl. 2, fig. 17a). 
The black band forms by the 8th day, and its formation is 
accompanied by the total breakdown of the primary 
vascular system of the graft and its primary native popu- 
lation. All the tissue that lies above it is ‘fixed’ (Pl. 2, 
fig. 176); for apart from the obliteration of the spaces of 
the blood vessels, it persists more or less unchanged until 
it is rubbed off during changes of dressings, or undermined 
by native epithelium. 

The black band of violent breakdown is easily visible to 
the naked eye in the stained section. Equally characteristic 
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of violent breakdown is the gross distension of the fascial 
planes of the graft bed by a band of fibrinous matter which 
may reach 0:4 mm. in: thickness (Pl. 2, fig. 19). This, too, 
is visible to the naked eye. 

With violent as with mild breakdown reactions, the 
secondary cycle begins with the ‘organization’ or ‘granula- 
tion’ of the oedematous graft bed. Capillaries originating 
just above the upper epimysium of the panniculus carnosus 
thrust upwards through the graft bed into the lower reaches 
of the dermis (Pl. 2, fig. 20). Monocytes and lymphocytes 
(now sometimes with excentric nuclei and with an abnor- 
mally large investment of basiphilic cytoplasm) pass through 
the vessel walls and establish a secondary population of 
native cells within the graft (Pl. 2, fig. 21). Fibroblasts 
accompany the invading vessels, or migrate inwards inde- 
pendently, and the old collagen bundles are thrust apart 
by the formation of secondary native collagen (PI. 2, fig. 22). 
Meanwhile the unlined tissue spaces formerly occupied by 
the primary blood vessels are obliterated (Pl. 2, fig. 21). 
A chronic inflammatory condition (loc. cit.) persists in the 
dermis; accordingly (Text-fig. 3), the oedematous swelling 
of the dermis does not subside. (Reference to the text-figure 
suggests that after the initial swelling, which reaches a peak 
at the 8th day, there is a drop corresponding to the break- 
down of the primary vascular system, and a rise thereafter 
as the secondary system is established. The drop, however, 
is within the admissible range of random sampling error, 
and may not perhaps express a genuine difference.) 

Epithelium. The vascular and inflammatory reactions of 
the primary homograft cycle are superimposed upon migra- 
tory and hyperplastic activities in the foreign epithelium. 
Up to a certain point these proceed in autograft-like fashion. 
The graft roof thickens by the 4th day to 0-017+ 0-002 mm. 
(autografts: 0-015+ 0-002 mm.—virtually identical) and in 
the same way, i.e. by a swelling of the cells and a general 
upward migration of follicular epithelium which brings the 
original hair follicles towards the surface (Pl. 3, fig. 29). 
The epithelial elements of the graft then enter the period 
of generalized hyperplasia. By the 8th day, the graft roof 
thickens with typical vertical differentiation to 0-035+ 
0-002 mm. (autografts: 0-040+ 0-005 mm.—again virtually 
identical), rich new depots of glandular epithelium are 
elaborated, and follicle primordia ‘are laid down (Pl. 2, 
fig. 16). Outward spread of epithelium (Pl. 2, fig. 23) pro- 
ceeds up to the 8th day (to the nearest 2-day interval), but 
not, in grafts which elicit a violent reaction, beyond it. 

The tempo of epithelial breakdown in high-dosage homo- 
grafts is such that they do not usually enter the typical 
‘differentiation’ phase of autograft development. Hairs, 
for example, have never been found to mature and pierce 
the graft roof. Nevertheless, the longest high-dosage sur- 
vivor, animal 101, shows at 16 days the retrograde differen- 
tiation of the roofing epithelium which occurs typically in 
autografts, and which restores the hypertrophied epidermis 
to somewhere near its normal thickness again (PI. 4, fig. 37). 

With very rare exceptions, the breakdown of foreign 
epithelium, which is the central feature of the homograft 
reaction, takes place first in that which has spread outwards 
from the graft, and extends thereafter, always within the 
compass of a 4-day sampling interval, to the graft roof. 
In describing the characteristic train of events, I have 
drawn upon material offered by lower-dosage homografts 
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as well as that which relates to the high-dosage grafts under 
consideration here. 

Breakdown in the spread epithelium is invariably antici- 
pated by the accumulation of lymphocytes in a narrow 
zone immediately below it (Pl. 2, fig: 24); by the congestion 
and engorgement of many of the capillary vessels in the 
tissue which it overlies; and by the accumulation of oedema 
fluid in the zone of lymphocytic aggregation (Pl. 2, fig. 25). 
‘To outward appearance, the critical stage is marked by the 
‘wetting’ of the cuticle and its ready disengagement upon 
pulling or scraping. In histological preparations (Pl. 3, 
figs. 27, 28) it takes the form of a separation of the basal- 
layer cells of the epidermis from each other and from their 
underlying attachments. What remains of the epithelium, 
if it is not accidentally or deliberately scraped off, now 
forms a pus-like film over the surface of the outlying tissue 
(Pl. 3, fig. 26). During the process of breakdown, the cyto- 
plasmic reaction to haematoxylin passes from basiphilic 
to strongly acidophilic. 

No specific nuclear or cytoplasmic abnormality is asso- 
ciated with the process of disengagement. All categories 
of the histopathological classification are exampled, and their 
variety denies significance to any one. All are doubtless 
of secondary significance. 

‘Violent’ breakdown of the spread epithelium is just 


- complete by the 8th day’, and no spread epithelium has been 


found to survive so far as the 16th day in any high-dosage 
homograft. 

Breakdown of the epithelial elements in the graft itself 
takes place simultaneously with—or, since a diffuse ‘ black 
band” may develop in grafts eliciting a mild reaction after 
breakdown is complete—very shortly before the disruption 
of the primary blood vessels and the cell-death of the 
primary native population. It is not associated with a 
pronounced local mesenchyme cell aggregation, possibly 
because the vessels stagnate before cellular infiltration of 
the dermis reaches its papillary layers. But as with the 
spread epithelium, breakdown is anticipated by capillary 
proliferation, oedema, and haemorrhage in the dermal 
papillae. Pl. 3, fig. 30, and in more detail Pl. 3, figs. 31, 32, 
illustrate a typical ‘mild’ reaction of breakdown spreading 
through the epithelium of the graft roof. No one particular 
cellular abnormality is associated with it. ‘Young’ epi- 
thelium, ie. that of the hair-follicle primordia, is con- 
sistently the most resistant (Pl. 3, fig. 30); or it appears to 
be so, because its nuclei stain so densely, and the cytoplasm 
associated with them is so ill-defined that the histological 
picture of maceration and disengagement is difficult to 
detect. 

Breakdown of the violent type—that which is complete 
within the 8th day after transplantation—is, however, 
uniform and characteristic: the entire graft roof disengages 
simultaneously from the blistered papillary layer (Pl. 3, 
fig. 33), and the basal layer-cell nuclei exhibit a coarse 
fragmentation (Pl. 3, figs. 34-36). Thereafter little change 
takes place (cf. Pl. 2, fig. 176), for, as has already been said, 
the tissue that lies above the black band of violent break- 
down becomes arrested in its development. 

The'entire process of epithelial breakdown in homografts 
of all. types is complete within a time span of 4 days from 
its beginning to its end. A graft may show no signs of 
breakdown at one inspection and total breakdown 4 days 
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later. Correspondingly, if breakdown is in progress at one 
inspection (e.g. complete in the spread epithelium and 
partial in the graft roof, as in Pl. 3, fig. 30) it is invariably 
complete at the next, 4 days afterwards. Breakdown 
of recent origin or, alternatively, of comparatively long 
standing, are with experience fairly easy to distinguish 
from each other. Breakdown of recent origin is indicated 
by the persistence of traces of ‘young’ follicular epithelium 
which is not certifiably ‘dead’; by the retention of scraps 
of endothelium around the vessel spaces; by the mere 
pyknosis rather than the fine fragmentation of the primary 
native population; by the merely incipient development of 
the secondary blood-vessel invasion; and so on. Breakdown 
of long standing (cf. Pl. 2, fig. 21) is indicated by the occlu- 
sion of the primary vessel spaces and the advanced secondary 
vascularization and collagenization of the graft dermis. 
Evidence of this type, taken in conjunction with the in- 
variably consistent serial record provided by the 4-day 
sampling intervals, makes it possible to time the point at 
which. breakdown is just complete to the nearest 2 days, 
without much possibility of error. The estimates so obtained 
may be used to express the relationship between the survival 
time of the graft and the intensity of the inflammatory 
process which accompanies its breakdown. Inflammation 
itself, a phenomenon compounded of many variables which 
are only partially interdepéndent, can hardly be measured 
(though the oedematous swelling of the dermis (Text-fig. 3) 
is a transformed measurement of one aspect of it); but the 
severity of the inflammation can easily be ranked, i.e. given 
an ordinal number. The 8-day biopsy specimens provide 
the fairest data for such a ranking, because even in the most 
violent breakdown the necrosis into which inflammation 
here ultimately develops is of very recent standing. In the 
accompanying series, inflammation at the 8th day is set in 
order of decreasing intensity against the estimated survival 
time of the foreign epithelium: 


oF a 
Inflammation, 20,86 96 24,26 28,30 106 17 101 
animal no. 


Survival time, 8 8 10 1012 1010 12 14 18 
days ‘ 

Mere inspection shows that there is an almost exact negative 

ordinal correlation between the two variables: the longer 

epithelium survives, the milder is the inflammatory reaction 

at the 8th day. 

For precise analysis I have, however, avoided timing the 
breakdown of the grafts on the basis described above, be- 
cause it does involve an junduly high subjective element. 
But comparatively little difficulty arises in stating whether 
breakdown is complete or not in any one specimen. It is 
true that this also involves a histological appraisal of the 
specimens, and that one may wrongly suspect a group of 
cells of being ‘alive’—capable of subsequent amoeboid 
movement and division—when in fact they are not. The 
validity of the histological judgement of total breakdown 
has therefore been subjected to a rigorous experimental 
test, described in full in the section of this paper dealing 
with the problem of immunity. This test, which consists in 
transplanting a homograft back to its original donor and 
allowing it to continue its development there, has confirmed 
the ‘intuitive’ histological judgement and established the 


following general rule, which may -be of interest to other 
students of the histology of skin: if there is the slightest 
suspicion that epidermal cells are not dead, then the. cells are 
alive. In practice this means that if a cell has a nucleus 
with a membrane and the cytoplasm surrounding it is not 
wholly acidophilic, then the cell must be judged living, and 
capable of resuming normal activity when transplanted to 
a favourable environment. 

Text-fig. 4, II, has been constructed upon these grounds. 
It is based upon the ten high-dosage homograft-bearing 
animals for which the serial record from 4 to 20 days is 
complete, and it plots for each 4-day interval the number of 
animals which still bear surviving foreign skin epithelium. 
From this table, using the methods of Bliss (1937), the 
following statistic may be calculated: the time at which 
the grafts borne by 50% of the experimental animals have 
just broken down is 10-4 days, with a standard sampling 
error of 1-1 days. Estimates of this. median survival time 
should, in nineteen samples out of twenty in an indefinitely 
extended series of trials, lie within the range 7-9-12-9 days. 
The spread in time of the graft mortality distribution is 
best given (for reasons explained later, when the technique 
of the analysis is discussed) by the reciprocal of its standard 
deviation, which is 0-3025 (if corrected for grouping) and 
0:2855 (if not so corrected). ° 

The behaviour of the outlying tissue. The fibroblast reaction 
in the outlying tissue which accompanies the hyperplasia 
of graft epithelium in autografts occurs in homografts like- 
wise (Pl. 2, figs. 23, 24). In the former it appears to have 
a purely reparative significance, and it subsides in pro- 
portion as the tissue becomes collagenized. But in homo- 
grafts it persists, and the continued proliferation of fibro- 
blasts, though not their initial mobilization, is one ingredient 
of the acute inflammatory process that spreads through the 
whole of the outlying tissue before subsiding into the chronic 
state. The oedema associated with it appears to maintain 


‘the activity of the fibroblasts, and layer upon layer of 


fibrous tissue is consequently laid down, mature in the 
deeper tissue and progressively ‘younger’ in the more 
superficial. The characteristic zonation that is established 
is illustrated by Pl. 4, fig. 43. It will be seen that in default 
of epithelium, or after its disappearance, the outlying tissue 
is surfaced by a delicate layer of granulations. If epithelial 
debris remains upon the surface, or is trapped in the remains 
of an epithelial re-entrant, mononuclear phagocytes are 
found to be associated with it. Multinucleate ‘foreign body’ 
giant cells occur only in association with fragments of fibre 
from the dressing materials. 

The chronic inflammatory state, represented by the 
general vascular proliferation and’ the leucocytic halation 
of the vessels is illustrated by Pl. 4, fig. 42. Here, as in the 
graft itself, the lymphocyte is the dominant cell. In the 
layer of granulations, however, the polymorph asserts the 
ascendancy normal to non-specific inflammatory processes. 

The history of homografts carried to the 20th day. Homo- 
grafts of all types are ultimately reduced to collagenous 
pads, with or without scraps of epithelial debris adherent 
to their surfaces. During the whole of their evolution, 
native epithelium has been growing in from the margins of 
the raw area, and a generalized contraction of the operation 
field has brought the grafts to within half their diameter’s 
distance from each other. Grafts lying near the margin of 
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the origina raw area are undermined by native epithelium, 
either at the graft-bed junction, or at the level of the black 
band, or, apparently, in any plane (PI. 4, figs. 38, 39). If, 
however, the graft lies in the centre of a sufficiently large 
‘raw area, native epithelium will take longer to reach it, 
and by the time it has done so, granulation tissue will have 
grown round the graft and may even have started to grow 
over it. In such cases, the foreign collagen is overgrown 
(Pl. 4,-fig..41). Whether undermining or overgrowth takes 
place seems to be merely a matter of time relations. The 
rabbit is a small animal, and undermining is therefore the 
general rule. In the larger areas of skin loss which may 
occur in the human being, overgrowth is to be expected 
(Gibson & Medawar, 1943). 
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graft cells have long since disappeared, this collagen must 
have been manufactured by native cells of the graft’s 
secondary population. 

The ultimate fate of overgrown graft collagen cannot be 
predicted, since this investigation closes when the process 
is in a very early stage. Recollagenization may be pro- 
gressive, but the foreign collagen may well maintain the 
chronic inflammatory state for so long as any of it persists. 


THE SIGNIFICANCE OF GRAFT DOSAGE 


Any systematic analysis of the homograft reaction 
must begin with an examination of the degree to 
which it varies with graft dosage. The ten animals 
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Text-fig. 4. The survival of homograft epithelium as a function of time. Each point defines the number of animals, out of 
ten for each type of experiment represented, which still bear surviving foreign epithelium at the stated times. I, 
lower-dosage graft bearers: computed from fifty pairs of animals in five independent groups of ten; II, high-dosage 
graft bearers: computed from ten pairs of animals, from each of which a graft sample was removed at 4-day intervals 
from the 4th to the 20th day; III, standard 2nd-set graft bearers: computed from ten pairs of animals, from each of 
which a graft sample was removed at the 4th and at the 8th days; IV, local 2nd-set graft bearers: computed from ten 
pairs of animals from each of which a graft sample was removed at the 4th day. Curves III and IV are extrapolated to 
zero survival at the 12th and 8th days respectively without error. Curve I cannot be wate aie in this manner to 
the 24th day, since the 4-day groups of data are here independent (see text). 


Almost as soon as native epithelium reaches the foreign 
dermis, whether it approaches it from above or from below, 
hair-follicle primordia are laid down (Pl. 4, figs. 40, 41). 
Evidently skin epithelium, however ‘immature’, has the 
power to manufacture hairs provided that it reaches a 
depot of collagen fibres of the right size and pattern of 
packing. The primordia and the young glandular acini 
associated with them are unhealthy in various ways, since 
a chronic inflammation is in progress all round them. They 
are, nevertheless, supported and invested by.a fine delicate 
collagenous scaffolding of new formation. Since the original 


providing the serial record analysed in the preceding 
paragraphs received a modal average weight of 
0:36-0:44 g. foreign skin in the form of eight large 
pinch grafts for each animal. In the experiments 


to be described below, animals weighing between 
2 and 23 kg. as before received either one large pinch 
graft (0-045-0-055 g.) or one small (0-006 g.). For 
most purposes, these ‘medium’ and ‘low’ dosage 
grafts have been grouped into one category, that 
of lower dosage. Since each animal provided only 
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one biopsy specimen instead of a series, fifty, equally 
divided between the two types, were operated on in 
order to provide a record as full as that provided 
by high-dosage grafts. Lower-dosage graft bearers 
in general therefore provide ten independent graft 
samples for each 4-day period from the 4th to the 
20th days. The technique of grafting remained 
unchanged. 

Two points of interpretation require special men- 
tion at the outset: 

(1) The fifty animals which provide the five sets 
of ten ‘readings’ for lower-dosage grafts were 
operated on and later examined in accordance with 
a prearranged plan—that which fitted in best with 
the general routine of the laboratory. The effect of 
this prearrangement is to make each group of ten 
animals a purely random one, for one can have no 
foreknowledge of the length of time that foreign 
epithelium is to survive. With certain reservations 


The behaviour of lower-dosage grafts 


The following brief summary gives the typical 
though not invariable features of grafts of the 
lower-dosage series. 


The evolution of lower-dosage grafts extends beyond the 
proliferative phase, into the period of hair formation and 
retrograde differentiation of the blood vessels, graft roof, 
and glandular acini (Pl. 4, figs. 44, 46). It is the rule for 
lower-dosage grafts to survive beyond the 12th day: in 
higher dosage grafts it was the exception. Outgrowth is 
correspondingly richer; 5-6mm. of spread epithelium 
usually rings the lower dosage graft at 12 days and, excep- 
tionally, it may persist until the 16th (PI. 4, fig. 46). Inflam- 
mation and vascular proliferation are slower to develop, 
for at the 8th day inflammation rarely exceeds a feeble 
and diffuse diapedesis halation of the blood vessels, and in 
low-dosage grafts (Pl. 4, fig. 45) it may be quite inappre- 
ciable. A ranking of the inflammation at 8 days in order of 
decreasing intensity puts this judgement beyond question: 


Animal no. 


High dosage 
Medium dosage 75 
Low dosage 


to be discussed below, the lower-dosage grafts are 
therefore comparable with the high. No such com- 
parison would have been possible if, for example, 
biopsy specimens from the fifty lower-dosage bearers 
had been removed at, or as soon as possible after, 
the time when breakdown was to outward appear- 
ance complete. Had this scheme been adopted, the 
entire comparison would have been falsified, for the 
data for each group of ten animals would have been 
drawn from a richer pool of genetic variance—in 
the extreme case, that represented by fifty animals 
instead of ten. 

(2) The dosage ratios that have been quoted for 
animals of the high, medium, and low series relate 
to the initial dosages alone. Save that it is known 
to stand in this order of rank, the effective dosage 
cannot be computed, because the grafts grow and 
manufacture new epithelium. If, as proves to be 
the case, the survival of lower-dosage grafts is rela- 
tively prolonged, then the outward spread of thick 
foreign epithelium, which is progressive, will natu- 
rally close the gap between the initial skin dosages. 
Indeed, the typical lower-dosage graft bears at 
12 days more foreign epithelium than all eight 
high-dosage grafts bear at the outset. Although 
the differences between high- and lower-dosage 
grafts are striking, this may account for the fact 
that they are not more striking still. (A stricter test 
for dosage effects would be one in which varying 
numbers of grafts were accurately fitted into raw 
areas only just large enough to receive them, so that 
little or no outgrowth took place. Had this test 
been made, however, many phenomena not related 
to this particular problem of dosage could not have 
been observed.) 


os Sa eS 
20,86 96 24,26 28,30 106 17 101 


— 

76 34,35, 120 ———*——_,, 

112 90, 93, 134, 135 
All ten high-dosage graft bearers fall within the first thirteen 
places, a result which—irrespective of the order of the 
terms within the subgroup—would be expected to occur 
by chance only once in 626 random drafts. Moreover, the 
peak intensity of the inflammation at the close of the 
primary cycle is well below that of high-dosage grafts 
(Pl. 4, fig. 47): a diffuse ‘black band’ sometimes develops 
after breakdown has occurred, but never before it. 

Chart I in Text-fig. 4 has been constructed for lower- 
dosage grafts exactly as for high (chart II): it represents 
the number of animals in each of five independent groups 
of ten which still bear surviving foreign epithelium at 
4, 8, ..., 20 days. Reference to it shows that the majority 
of the 12-day group and half the 16-day group of ten 
lower-dosage animals bore surviving grafts. The median 
survival time, computed by the methods of Bliss (1935 a, 5), 
is 15-6 days, with a standard sampling error of 0-9 day. 
Estimates of the median survival time are to be expected, in 
nineteen cases out of twenty of an indefinitely extended 
series of trials, to lie within the range 12-8-18-5 days. The 
spread of the graft mortality distribution is. given (see 
below) by the slope of the probit-mortality regression 
straight line when the percentages of mortality are trans- 
formed into areas of the normal curve of error. This esti- 
mate of the spread is 0-2820+ 0-0668 unit. 


High-dosage and lower-dosage grafts compared 


In this section an attempt will be made to validate 
in detail the generalizations of the preceding para- 
graphs. 

(a) The survival time of epithelium. Text-fig. 4, charts 
I and II, shows that the disparity between the survival 
times of high- and lower-dosage grafts is more strongly 
marked at the 12th day than at any other 4-day period. 
The data are here based upon two independent and ran- 
domly chosen groups of ten animals, and, neglecting all 
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other readings, may be set out as a ‘2 x 2 contingency table’ 


and analysed by Fisher’s method for the exact treatment . 


of such data (Statistical Methods for Research Workers, 
21-02; Science, 94, 210, 1941). The odds are 86:1 against 
obtaining, by luck of sampling, so extreme a partition in 
favour of the prolonged survival of lower-dosage grafts, or 
a more extreme one.* There is therefore little reason to 
doubt that a higher proportion of lower-dosage than high- 
dosage recipients bear surviving foreign epithelium at the 
12th day. 

This test does not make full use of the data, and no 
readings other than the 12-day need have been taken for it. 
Nor does it necessarily compare the data at the time which 
is most favourable for exhibiting a difference between them. 
Comparison between the two sets of data as a whole is 


10°Or 
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The upshot of this is that different treatments must be 
applied to the high-dosage and lower-dosage data if the 
number of survivors is in each to be expressed as a function 
of time and then compared. Charts I and II of Text-fig. 4 
express a cumulative, i.e. successively summed, distribution 
of graft mortality: the number of animals bearing ‘dead’ 
grafts at any one time is the number that has accumulated 
during the whole of the period that precedes it. By sub- 
traction of the survivors at one 4-day period from those of 
the 4-day period that immediately precedes it, the data 
for high-dosage grafts may be cast into the form of an 
ordinary non-cumulative frequency histogram, and analysed 
by the method of Bliss (1937). For the reasons already 
given, the data for lower-dosage grafts must be analysed in 
the cumulative form in which they already stand in chart I. 








12 16 20 24 


Days 
Text-fig. 5. I, the probit-mortality regression straight line for lower-dosage graft bearers, with the working values of the 
probits to which it was arithmetically fitted: computed from the data of Text-fig. 4, chart I. The area which bounds 
the line symmetrically is that within which 95% of random sampling estimates of the probit mortality corresponding 
to an arbitrarily chosen time may be expected to lie. II, the corresponding line for high-dosage homografts, which 
differs in position but not in slope from I: computed from the data of Text-fig. 4, chart IT. 


complicated by the fact that the lower-dosage set form five 
independent groups, though the higher-dosage data do not. 
For example: only one high-dosage homograft recipient 
bore surviving epithelium at the 16th day; but not more 
than two could have done so in any case, for only two bore 
surviving epithelium at the 12th. This progressive narrowing 
down of the possibilities of survival does not affect animals 
of the lower-dosage series. Here, the 16-day readings are 
independent of the 12-day; it is possible, though on em- 
pirical grounds highly unlikely, for all the 16-day animals 
to bear surviving grafts, regardless of the fact that only 
eight of the 12-day group were found to do so. 


* The conventional significance level—that at which the 
experimenter is supposed to feel himself reasonably exempt 
from the chances of random sampling—is here represented 
by odds of 39:1, not 19:1. 


The essence of the method that has been devised for this 
purpose (see Bliss, 1935 a, b) is to express the percentages 
of graft mortality as areas of the normal curve of error in 
terms of the normal deviate. To avoid negative values in 
practice, 5 is added to the appropriate value of the normal 
deviate. This is the ‘probit’ of the observed mortality per- 
centage. The probit mortality will be linear in that function 
of time, about which the mortality frequency is normally 
distributed. In this case, the probit mortality may be 
represented as a linear function of time itself with a degree 
of fidelity measured by x? =0-344, corresponding roughly to 
a 95% point in its distribution for three degrees of freedom. 

Text-fig. 5 illustrates the regression straight line for 
lower-dosage graft bearers and the working values of. the 
probits to which it was arithmetically fitted. The best esti- 
mate, corresponding to any chosen time, of the percentage 
of animals bearing grafts which have broken down, may be 
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read from the line itself or calculated from its equation. 
The shaded area about the line, symmetrically bounded by 
the arcs of two hyperbolas, is that within which 95% of 
random sampling estimates of this variate may be expected 
to lie. 

For comparison, the probit-mortality line for high-dosage 
graft bearers is also represented in Text-fig. 5. Its slope— 
the reciprocal of the standard deviation of the graft mor- 
tality distribution—is virtually identical with that calcu- 
lated from the data for lower-dosage grafts. One may infer 
that the tempo at which breakdown proceeds, once. the 
process has started, is the same for both: the difference 
between them lies in the length of the latent period which 
must pass before the homograft reaction becomes effective. 

If a comparison between the two sets of data as a whole’ 
is based upon the respective estimates of the median survival 
times’ (15-63+0-89 days for lower-dosage graft bearers, 
10:40+ 1-11 days for the high), then the probability that 
these two estimates have been in reality drawn from the 
same normal population may be expressed by odds of 
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Text-fig. 6. The fifty lower-dosage graft, bearers repre- 
sented in Text-fig. 4, chart I, are here resolved into: 
I, twenty-five low-dosage, and II, twenty-five medium- 
dosage graft bearers. Each chart is thus computed from - 
twenty-five pairs of animals in five independent groups 
of five. 


approximately 100:1 against. There can be no reasonable 
doubt that lower-dosage grafts survive longer than high, 
and that the difference between them lies predominantly 
in the latent period that elapses before the homograft 
reaction reaches a critical operative level. 

(Had these experiments been redesigned in the light of 
evidence from what could then be regarded as a preliminary 
trial, certain modifications would have been made. The 
grouping—or graft-sampling—interval of 4 days would be 
reduced to 3, so that it lay just within instead of just outside 
the standard deviation of the mortality distributions. This 
would also have helped to justify what is here a guess, viz. 
that the mortality distribution of high-dosage grafts is a 
normal one. Since only three empirical probits can be 
derived from the high-dosage data with the grouping 
interval so large as it is, a straight line can be fitted to the 
cumulative frequency diagram (see Bliss, 1937) with only 
one degree of freedom. As a straight line is not an obvious 
misfit, and as the normality of the lower-dosage distribution 
is not in doubt, I accordingly chose time itself, rather than 
some function of it, as the abscissa of the high-dosage 
distribution.) 


(b) The extent of differentiation. It has been said that 
lower-dosage grafts usually enter the phase of differentiation 
that is characteristic of autograft development. The matura- 
tion and piercing of newly formed hairs, which may be 
expected to occur by the 12th day or later, makes a signi- 
ficant measure of this property. Not one of the thirteen’ 
independent sets of high-dosage homografts (ten in series, 
three in parallel) examined at the 12th day or after. pro- 
gressed so far as hair formation, yet seventeen of the thirty 
lower-dosage grafts examined within this period were found 
to do so. Yet if in reality hair formation occurred with 
equal frequency in both groups, so great a discrepancy in 
favour of the lower-dosage grafts would be expected to 
oecur only once in 3517 such sets of random drafts from them. 
Obviously there is a systematic difference: differentiation 
goes farther in lower-dosage grafts than in high. 


Medium- and low-dosage homografts compared 

Charts I and II of Text-fig. 6 are derived from 
chart I, Text-fig. 4, by dividing the fifty lower- 
dosage graft bearers to which it relates into their 
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Text-fig. 7. Similar to Text-fig. 6 in all respects except 
that the loss of spread epithelium, rather than the tota 
breakdown of homograft epithelium, is chosen as the 
criterion of graft survival. 


equal subgroups of ‘medium’ and ‘low’. The low-: 
dosage group (I) contains the majority of survivors 
beyond the 12th day, but the difference cannot be 
described as other than suggestive. The same applies 
to charts I and IT of Text-fig. '7, in which the loss of 
spread epithelium and not the overall breakdown of 
the grafts is made the basis of comparison. 


In other respects a firmer comparison can be drawn. An 
ordinal ranking of the intensity of inflammation’ at the 
8th day (see p. 187) shows that all five homografts of the 
tnedium-dosage group are present in the first six places of 
the lower-dosage group as a whole—a result which would 
be expected to occur by chance only once in 42 trials. 
Again, no less than twelve grafts of the low-dosage group 
of fifteen animals examined at the 12th day or after pro- 
gressed so far as hair formation. The corresponding figure 
for medium-dosage grafts is 5 in 15, a partition in favour of 
the former which should occur only once in 79 random 
trials. There is therefore a strong indication that low-dosage 
grafts progress farther than medium before the homograft 
reaction overtakes them. 
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One objection to this series of comparisons may now be 
considered. Animals of the high and medium series differed 
‘with respect to the number (eight and one respectively) of 
uniform large grafts that they received; medium and low, 
however, differ in the size—large and small respectively— 
of the single grafts they bear. Is the somewhat greater 
resistance of low-dosage grafts due to some factor bound 
up with the difference of their absolute size, irrespective of 
dosage? This possibility is refuted by the behaviour of the 
five high-dosage graft bearers which were studied ‘in 
parallel’. Each animal of this group received not eight 
large grafts, but seven large and three small. The small 
grafts thus had an opportunity to display any character- 
istics associated with their absolute size, though they were 
in a high-dosage environment. In fact, it was found that 
the small grafts broke down at precisely the same time 
and in precisely the same way as their larger contemporaries. 
Other things being equal, it is evidently the overall dosage 
of grafts, and not their absolute size, that governs the 
intensity of the homograft reaction. 


THE SIGNIFICANCE OF IMMUNITY 


The term immunity has not hitherto been used to 
describe the reaction generated in their recipients 
by homografts, although rabbits are in the literal 
sense ‘immune’ to the transplantation of foreign 
skin. For in practice the term is reserved to describe 
a reaction which can be expressed in terms of an 
antigen-antibody relationship. 

Immunity in this technical sense is said to be ‘innate’ 
when, as with blood antigens of the A, B, O group, the 
corresponding antibodies are ready-made; ‘actively ac- 
quired’ when the antibodies are manufactured de novo in 
direct response to an antigenic stimulus; and ‘passively 
acquired’ when antibodies are transferred in suitable form 
from one animal to another. 


Immune reactions may be demonstrated either 
directly, by a reaction in vitro between antigen and 
antibody, or indirectly. The most important indirect 
demonstration of actively acquired immunity is the 
greatly reduced latent period that precedes the 
reaction to a second series of doses of antigen after 
immunity has been generated by a first. 

The great majority of students of tissue homo- 
grafting have consistently and systematically denied 
that immune phenomena play any significant part: 
they claim that a second dose of homografts, trans- 
planted when the reaction to a first is complete or at 
its height, provokes a reaction neither more rapid nor 


more intense than the original. Gibson, however, 


(1942), reversed this judgementin his studies on skin 
homografting in human beings, and one fully con- 
trolled demonstration of accelerated breakdown in 
‘2nd-set’ pinch homografts has been described by 
Gibson & Medawar (1943). 

The experiments described in this section form 
an attempt to settle the problem one way or the 
other. The principle here adopted is the serial study 
of the behaviour and fate of homografts in pre- 
sumptively immune animals—animals which have 


already reacted to a first dose of grafts from the 
same donor source. In practice, six large immun- 
izing or ‘Ist-set’ are transplanted to a chosen 
recipient in the manner already described for high- 
dosage homografts (which, but for the practically 
insignificant disparity of dosage, their behaviour 
may be expected to resemble in every respect). 
Sixteen days later (12 proved to be insufficient) two 
or three further grafts from the same donor are 
transplanted to a raw area freshly stripped from the 
opposite thoracic wall. A biopsy specimen was taken 
from this second set of grafts at the 4th day and at 
the 8th. A group of ten (pairs of) animals operated 
on in this way provides the record upon which the 
descriptions which follow are based. 


The behaviour of ‘2nd-set’ homografts 


Outward appearance. Second-set homografts are found 
to be swollen by the 4th day after transplantation, but do 
not swell markedly thereafter. Their colour change is 


_ variable: the most usual is a rapid transition from the shiny 
‘“white of the original graft to dirty yellow or yellowish brown. 


Neither outgrowth of epithelium nor the remains of it are 
visible to the naked eye either at the 4th day or at the 8th. 
Primary adhesion is often weak: special care must be taken 
in removing the dressings, for a moderate shearing force 
may cause the graft to slide out of its bed. If this happens 
at the 4th day, the underside of the graft is usually seen to 
be dead white in colour, except where it is grossly blotched 
by large wound vessels from which a brownish red serum 
can be expressed. 

Dermis and graft bed. Second-set grafts are vascularized. 
The great majority of the invading capillaries are, however, 
converted into ‘wound vessels’, i.e. grossly dilated and 
engorged capillaries with a simple endothelial lining, lying 
in a haemorrhagic field (Pl. 5, figs. 48-50). Wound vessels 
ranging between 0-2 and 0-3 mm. in diameter of lumen are 
not uncommon. Lymphatics either do not penetrate the 
grafts, or do so only at its deepest levels. Nevertheless, the 
most deep-lying blood vessels may by the 4th day have 
differentiated into small and ill-defined arteries and veins 
(Pl. 5, fig. 49). 

It is the rule for the primary blood vessels to stagnate by 
the 4th day, with a partial or more usually a total disruption 
of their endothelial linings (Pl. 5, fig. 48). By the 8th day 
(Pl. 5, fig. 52) even the tissue spaces of the primary vessels 
may be obliterated, and the process of secondary vasculari- 
zation by capillaries from the granulating tissue of the graft 
bed is found to be in full swing. Correspondingly, 2nd-set 
homografts reach their maximum thickness of 1-29+0-10mm. 
(Text-fig. 3) by the 4th day; the recorded rise thereafter to 
1-38+0-11 mm. is hardly significant. 

One striking consequence of the precocious breakdown of 
the primary vascular system is that no native population 
of leucocytes invades the grafts by passage through the 
vessel walls. No more leucocytes enter the graft (Pl. 5, 
figs. 48-50, 52) than would be expected as an accompani- 
ment to a purely non-specific (traumatic) inflammation. 
This is by far the most striking superficial difference between 
Ist-set and 2nd-set grafts: compare the black band of 
violent breakdown in the former (PI. 2, figs. 17 a, b) and the 
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still massive invasion which occurs in mild breakdown 
(PI. 2, fig. 16), with the clear dermis (PI. 5, fig. 52) of 2nd-set 
grafts. Yet it will be shown that 2nd-set grafts break down 
the more rapidly. Only in one 2nd-set homograft did a 
black band form. 

The inflammation elicited by 2nd-set grafts is precocious 
in time of onset but somewhat variable in its peak intensity. 
It is confined to the tissue of the graft bed and that which 
immediately surrounds or underlies it. Qualitatively it 
resembles the inflammatory process in the bed of Ist-set 
grafts: a fibrin band may distend the fascial planes of the 
graft bed by the 4th day, and the capillaries which ‘ organize 
it’ (Pl. 5, fig. 50) sweep upwards and enter the base of the 
graft as its secondary vascular system (PI. 5, fig. 52). 

The evolution of the outlying tissue requires no special 
mention. 

Epithelium. Breakdown of the epithelium is usually in 
progress, though very rarely complete, at the 4th day: 
epithelium of the graft roof may have disengaged round the 
rim of the graft, and the nuclei of the epithelium of the 
hair follicles are either fragmented or are framed as densely 
pyknotic ovals within an acidophilic cytoplasm (PI. 5, 
fig. 50). By the 8th day the graft exhibits the characteristic 
appearance of ‘total breakdown of long standing’ (Pl. 5, 
fig. 52), and the roof epithelium is fragmented (PI. 5, fig. 53) 
or lost. Only one graft bore patches of surviving epithelium 
at the 8th day (PI. 5, fig. 54), and in one, apparently, break- 
down was complete at the 4th. Chart III, Text-fig. 4, is 
constructed accordingly: extrapolation to the 12th day, in 
the manner indicated, is fully justified by the fact that 
breakdown in the one 8-day survivor was very far advariced. 
The median survival time of 2nd-set grafts, computed by 
Bliss’s method (1937), is 6-0 days with a standard sampling 
error of 0-6 day. In 95% of an indefinitely extended series 
of random trials, an estimate of the median survival time 
will be expected to lie within the range 4:7—7-4 days. (The 
error introduced by the magnitude of the grouping interval, 
4 days, is here so great that the sampling error can only be 
computed roughly: the figure quoted, 0-6 day, is an over- 
estimate.) 

General cellular activity in 2nd-set grafts ‘is excessively 
feeble, though its mere existence is of some importance. 
As a general rule the greater part of the graft roof epithelium 
remains almost unthickened, and its cells retain their 
flattened plate-like character (Pl. 5, fig. 51). Some upward 
migration of follicular epithelium may cause a purely local 
thickening of the roof in the neighbourhood of the follicle 
openings. Pl. 5, fig. 54, taken from the one 8-day survivor, 
illustrates the most advanced development of the graft roof 
that has been observed: though upward migration of folli- 
cular epithelium has taken place, the vertical differentiation 
of the graft-roof epidermis characteristic of 1st-set (high- 

ge) grafts is no more than incipient. Outgrowth of 
epithelium from the graft, though it does occur, is confined 
to a one- or two-layered sheet that can usually be traced to 
its origin in a hair follicle. Since the spread epithelium 
neither extends beyond 0-5 mm. from the graft, nor de- 
velops a cuticle, outgrowth is not visible to the naked eye. 
In short: the cellular activities are no greater than may be 
attributed to localized amoeboid movements without pro- 
liferation. New hair-follicle primordia and new depots of 
glandular epithelium are never manufactured. 
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High-dosage (1st-set) and 2nd-set grafts compared 

The evolution of autografts has been shown to fall 
into three stages: the period of primary union, the 
period of generalized hyperplasia, and the period of 
partially retrograde differentiation. Lower-dosage 
grafts usually enter the third period before break- 
down; high-dosage homografts always enter the 
second, but rarely the third ; and 2nd-set homografts 
do not even enter the second. The thickening of the 
roof epithelium has hitherto been used as a con- 
sistent measure of cellular activity, and numerical 
analysis of it confirms the qualitative judgement. 
The mean roof thickness of surviving epithelium in 
2nd-set grafts at 4 days is 0-009+0-001 mm.; of 
1st-set grafts, 0:017+0-002 mm. The difference 
between the means speaks for itself, since it exceeds 
its standard error, computed from 18 degrees of 
freedom, more than threefold. 


The swelling of the dermis (Text-fig. 3) that accompanies 
primary vascularization is precocious in 2nd-set grafts. The 
mean dermal thickness of 2nd-set grafts at the 4th day 
was foun to be. 1-29+0-10 mm.; of Ist-set grafts, 0-95+ 
0-09 mm. The disparity between the two means, 0-34 mm., 
is such as would be expected to occur in substantially less 
than 5% of random samples drawn from the same normal 
population, and may therefore be described as ‘significant’. 
By the same token, the recorded increase in the thickness 
of 2nd-set grafts between the 4th and 8th days—here valued 
by the methods appropriate to paired data—is insignificant ; 
nor do the thicknesses of Ist-set and 2nd-set grafts differ 
at the 8th day. This failure to swell between 4th and 8th days 
is doubtless attributable to the precocious breakdown of 
the primary vascular system, which in at least five of the 
ten 2nd-set grafts was apparently functionless at the 4th day. 
In Ist-set grafts,.the primary vascular system is still intact 
at the 4th day. The chances are 61:1 against the null hypo- 
thesis of uniformity. 

Mere survival or non-survival of epithelium provides no 
ground for a comparison between Ist-set and 2nd-set grafts 
at the 4th day, as reference to chart III, Text-fig. 4, shows; 
but a more subtle test will be taken into account whether 
or not breakdown is in progress in the graft. Breakdown 
has never been found to be in progress in 4-day Ist-set 
grafts; but it proved to be so in at least six 2nd-set grafts of 
the ten. Here the odds against a hypothesis of uniformity 
are 184:1. At the 8th day, Ist- and 2nd-set grafts may be 
compared on lines similar to the comparison between high- 
dosage and lower-dosage grafts at the 12th. Of ten randomly 
chosen pairs of animals in each case, one 2nd-set and eight 
1st-set homograft bearers still retained surviving foreign epi- 
thelium. The odds are 364: 1 against obtaining so great a dis- 
parity in favour of the Ist-set grafts by luck of sampling alone. 

As with the comparison between high- and lower-dosage 
grafts, the median survival times, computed from the whole 
of the available data, provide the firmest ground for 
analysis. The estimates for Ist-set and 2nd-set grafts were 
found to be 10-4+ 1-1 days and 6-0+0-6 days respectively. 
The difference between the means, 4:4 days, is such as 
would be expected to occur in substantially less than 1% 
of samples drawn from the same normal population. 








192 P. B. MEDAWAR 


A biological test of survival 

The foregoing analysis leaves little room for 
doubting the fact that 2nd-set homografts undergo 
a relatively accelerated retrogression. Yet the 
matter is so crucial that it cannot be allowed to 
rest upon a histological appraisal of biopsy speci- 
mens alone. The histological verdict of survival or 
non-survival has therefore been checked by an 
independent test which serves to emphasize the 
significance of the difference between Ist-set and 
2nd-set homografts. A homograft is removed from 
its recipient after a varying period of residence upon 


— and transplanted back to its original donor. 


Eight days later the specimen (now an autograft) 
is removed and examined histologically. Such epi- 
_ thelium as may have survived in the homograft will 
~by_that time have migrated from it in the usual 

way. The presence or absencé of this epithelium 
therefore makes a consistent and independent test 
for the survival or non-survival of the graft. (It is 
true that this test too makes use of a histological 
judgement; but it is of so elementary a character 
that it may be supposed to have absolute precision.) 








Simple as it is in theory, this test is in practice compli- 
cated, though in no way invalidated, by the intervention 
of non-specific factors. A homograft transplanted back to 
its donor does not behave thereafter as a normal autograft, 
for it promptly elicits a violent inflammation in the graft 
bed which in the majority of cases seriously interferes with 
the invasion of the graft by primary vessels. The inflamma- 
tion has most of the characteristics of the lymphocyte- 
dominated reaction which accompanies the breakdown of 
homografts; but this is not surprising, when we recollect 
that the homograft is turgid with exudates which may be 
supposed (Menkin, 1940) to contain the causal agents of at 
least some of the ingredients of the inflammatory process. 
It is, however, surprising that the reaction retains its specific 
character. Nevertheless, epidermal epithelium has such 
spectacular powers of overcoming circumstances unfavour- 
able to its growth that this test is if anything more sensitive 
than the histological; and in any case, once the spread 
epithelium is clear of the graft from which it arises, it 
behaves just as native epithelium does, and provokes no 
inflammation in the tissue of the outlying field. 

The foregoing qualification amounts to this: a positive 
result from the test is not subject to error, since dead epi- 
thelium cannot by definition have come to life; but a 
negative result—non-survival—is probably subject to a 
small and systematic but perfectly consistent error. 


Autografts such as these, which have spent a 
proportion of their life as homografts, are called 
‘autohomografts’ for short. Twenty-four indepen- 
dent autohomograft tests on twenty-four pairs of 
animals have been distributed as follows: 


Six 4-day Ist-set autohomografts (i.e. grafts returned to 
their donors after 4 days’ residence on their original re- 
cipients as high-dosage homografts) ; 

Six 8-day Ist-set autohomografts; 


Six 4-day 2nd-set autohomografts; 
Six 8-day 2nd-set autohomografts. 


Some of the animals belonging to the 4-day sub- 
group of twelve pairs were among those which 
provided the histological data already analysed; 
but the 8-day subgroup of twelve pairs are wholly 
independent in the source of the material as in its 
technique of analysis. 

The histological analysis of autohomografts is 
naturally of the greatest complexity. Therefore the 
presence or absence of living epithelium in them, 
or arising from them, has been made the sole basis 
for comparison. 


All twelve 4-day autohomografts, irrespective of their 
differentiation into Ist-set and 2nd-set subgroups, exhibited 
survival of epithelium when transplanted back to their 
donors. A rough division may be made into ‘complete’, 
‘partial’, and ‘trace’ survival. Four 4-day Ist-set auto- 
homografts showed complete survival (cf. Pl. 5, fig. 56), 
and two partial. The corresponding figures for 4-day 2nd-set 
autohomografts, one complete survival and five partial, 
already indicate a ‘suggestive’ if not a ‘significant’ differ- 
ence on just the lines that the histological data (Text-fig. 4) 
would have led one to expect. 

All six 8-day Ist-set autohomografts likewise bore sur- 
viving epithelium, now distributed into one complete (PI. 5, 
fig..56), three partial, and two ‘trace’ (Pl. 5, fig. 57). On 
the other hand, four of the six 8-day 2nd-set autohomografts 
showed no trace of surviving epithelium whatsoever: their 
histological appearance was that of total necrosis of long 
standing (PI. 6, fig. 58). The remaining two showed partial 
survival, to the accompaniment of violent specific inflam- 
mation in the graft bed. 

Taking the presence or absence of surviving ‘epithelium 
as criterion, the partition of values for 8-day Ist-set and 
8-day 2nd-set autohomografts becomes 6:0 and 2:4 re- 
spectively—one which would be expected to occur only 
once in thirty-three random trials. The difference as it 
stands is very strongly suggestive, if not in itself decisive. 


“In conjunction with the wholly independent tests based upon 


a histological appraisal of graft death alone, its effect is to 
put the hypothesis of accelerated retrogression in 2nd-set 
homografts upon a thoroughly secure foundation. 


How far is the autohomograft test consistent with 
the histological? Both for 8-day 1st-set and for 8-day 
2nd-set autohomografts the number of grafts judged 
survivors exceeded that which the histological data 
would have led one to expect. The two tests are 
quite independent, and the chances against getting 
this degree of disparity in favour of the autohomo- 
graft test in both cases are only 9:2 against. There 
is therefore no evidence of inconsistency between 
them. 


The local immune state ° 


In the operation upon which the preceding 
analyses were based, the 2nd set of homografts were 
transplanted to an entirely fresh raw area lying on 
the side of the body opposite to that which carried 
the 1st set. In no other way could a systemic immune 
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state be demonstrated. The behaviour of ‘standard’ 
2nd-set grafts, as they will now be called; can be 
usefully contrasted with the behaviour of 2nd-set 
grafts which are transplanted to the very places 
occupied by the Ist set of grafts, after the latter 
have broken down—‘local’ 2nd-set grafts. The 
standard and the local 2nd-set grafting operations 
thus represent two extremes: in the one case, only 
systemic factors can be at work; in the other, local 
immune factors are superimposed upon them. 


The first set of immunizing grafts are transplanted in 
the usual way. Sixteen days afterwards, when breakdown 
may be supposed to be in the great majority of cases long 
complete, each Ist-set graft is grasped at an edge with 
dog-toothed forceps and firmly stripped from its bed. Since 
the primary vascular system has stagnated, there is little 
more than capillary bleeding; and this may be brought to 
a standstill by sustained light pressure with an absorbent pad. 

Into each of a number (in practice four proved to be 
convenient) of the graft ‘craters’ so formed, one small graft 
from the original donor is planted. Dressings are then 
applied in the usual way. After 4 davs the grafts are 
removed for histological examination and for transplanting 
back to their donors in accordance with the procedure of 
the ‘autohomograft’ test. 


Ten such operations on ten independent pairs of 
animals provide the data upon which the following 
summary is based. 


The local 2nd-set graft differs from the standard only in 
the degree of its responses, and not very markedly in degree. 
Vascularization is, however, notably backward, and primary 
healing correspondingly weak, although (as will be demon- 
strated in the final section) the richly vascular graft bed 
supports the growth of autografts particularly well (Pl. 6, 
fig. 59). Breakdown of the vessels is complete by the 4th day 
and no primary population of native leucocytes invades the 
graft through their walls. Inflammation in the graft bed 


flares up at once, though it may before transplantation have 


subsided into the chronic state. The epithelium exhibits no 
discernible activity: there is no thickening of the graft roof, 
no upward migration of epithelium from the follicles, and 
no outgrowth from the graft. The graft is ‘fixed’ in the 
same sort of way as the standard 2nd-set graft, but rather 
more promptly. 

Breakdown of the epithelium (PI. 6, figs. 60, 61) is either 
complete by the 4th day, or if merely in progress, very far 
advanced. The form of breakdown is similar to that o1 
standard 2nd-set grafts, and requires no special mention. 

From the point of view of computing the survival time 
of local 2nd-set grafts, it is most unfortunate that the period 
of 4 days appears to lie on its very boundary. In two grafts 
of the ten, partial survival was unquestionable, and in 
three, non-survival equally not in doubt (PI. 6, fig. 60). In 
the remaining five, traces of mature follicular epithelium 
and of the more central areas of the graft roof still, to 
histological appearance, just survived (PI. 6, fig. 61); for 
the nuclei of the cells were intact, and the cytoplasm sur- 
rounding them not acidophilic. The figure of ‘99% break- 
down’ has a purely formal significance—it indicates the 
order of the degree of survival of these five grafts. 
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In chart IV, Text-fig. 4, the dubious 99%-breakdown 
grafts are ranked as survivors, in accordance with the rule 
that has been consistently adopted throughout, But had 
a 5-day period been allowed to pass before biopsy, the 
likelihood is that all the grafts would have been found to 
have broken down. In:this case, therefore, the actual figures 
for survival are not particularly indicative. Extrapolation 
to zero survivors at 8 days, as indicated by the chart, can, 
however, be made without possibility of error, since in every 
graft breakdown was far advanced. 

The autohomograft test’ has been applied to eight pairs 
of local 2nd-set graft bearers, with results fully consistent 
with the histological. One graft showed partial survival, 
four trace survival of an exemplary type, and three showed 
total necrosis of long standing. (Here, as before, the positive 
result is not subject to error.) 


The accelerated retrogression of local 2nd-set 
grafts in relation to grafts of the 1st set requires no . 
special demonstration. In every respect in which a 
comparison can be drawn, local 2nd-set grafts are 
slightly more degenerate at the 4th day than 
standard 2nd-set grafts; in no one taken singly, 
however, is the difference between them statistically 
decisive. Evidently the local immune state adds 
something, but not very much, to the systemic. 
The. essential inference to be drawn from these 
experiments is that breakdown is far advanced, 
but not necessarily complete, 4 days after the trans- 
plantation of a susceptible graft to an environment 
in which immune processes should be fully operative. 
Three additional experiments in which the 2nd-set 
grafts were transplanted not 16 days after the 
1st set, but as soon as possible after the 1st set had 
to outward appearance broken down, do nothing to 
qualify this judgement. 


Since native epithelium grows rapidly inwards across the 
raw area during the 16-day immunizing period, it may 
encroach upon and even invade the local 2nd-set graft 
during its 4 days of residence. PI. 6, fig. 62, again (cf. Pl. 4, 
figs. 40, 41) illustrates its power to establish hair-follicle 
primordia in a foreign dermis within a short time of arrival. 
The foreign epithelium of the graft roof has in this case 
been wholly undermined. Evidence for the high specificity 
of the homograft reaction which this phenomenon provides 
is considered in greater detail in the final section which 
follows. 


THE SPECIFICITY OF THE 
IMMUNE REACTION 


The immune state eventually generated in response 
to the transplantation of skin homografts is very 
sharply specific to foreign tissue as such. As foreign 
epithelium breaks down, epithelium of native origin 
often replaces it pari passu; and even native epi- 
thelium which is in the process of undermining a 
homograft during or immediately after its break- 
down may show no significant pathological changes 
(Pl. 4, figs. 38-40; Pl. 6, fig. 62). When sheets of 
native and foreign spread epithelium coalesce before. 
the homograft reaction reaches its peak intensity, 
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the two components can be distinguished almost to 
a cellular boundary (Pl. 3, figs. 27, 28). These are 
indirect demonstrations of the specificity of the 
reaction. 


In each of three independent trials, autografts replaced 
2nd-set homografts in the standard operation by means of 
which the systemic immune state is demonstrated. Their 
behaviour differed in no wise from that of normal autografts. 
Moreover, each of the ten animals used for experiments on 
local 2nd-set homografts—2nd-set grafts transplanted to 
the very positions formerly occupied by grafts of the Ist 
set—received an autograft ‘control’ in addition to the four 
small homografts from the original donor. In the extent of 
their outgrowth and of the thickening and stratification of 
the graft roof, these autografts were superior at the 4th day 
to normal ones (PI. 6, fig. 59); very possibly because they 
were transplanted to already granulating and highly vas- 
cular beds. The point at issue, however, is that they were 
no worse: the local immune state is likewise highly specific. 


Various types of ‘mosaic’ graft provide an even 
more convincing demonstration. An autograft sur- 
rounded by a ring of homografts in such a way that 
it is, at the peak of their development, completely 
surrounded by a tide of foreign epithelium, shows 
no specific abnormality when the homografts break 
down. On the contrary, autograft epithelium at 
once begins to undermine the epithelium of the 
homografts and proceeds thereafter to undermine 
the homografts themselves. Moreover (PI. 6, fig. 63), 
a small autograft transplanted into a shallow well 
in the centre of a large homograft (Text-fig. 1e) in 
such a way that it receives its entire vascular supply 
via a belt of foreign tissue will, provided that the 
belt is not too thick, override all obstacles and invade 
the necrotic tissue that surrounds it when break- 
down of the homograft element is complete. If, 
however, the belt of foreign tissue underlying the 
autograft is as much as 1 mm. thick, the autograft 
shares the fate of the homograft; which is hardly 
to be wondered at, since the vessels which supply it 
stagnate. Evidently the obliteration of blood vessels 
may contribute to, or accelerate, the ‘violent’ type 
of reaction of breakdown which occurs in the graft 
roof of high-dosage homografts. The histological 
picture of violent breakdown—nuclear fragmenta- 
tion (Pl. 3, figs. 33-36)—may owe its comparative 
uniformity to this fact. 

The specificity of the reaction towards donor skin. 
In each of three independent tests, animals operated 
on according to the technique used for demonstrating 
the systemic immune state received an immunizing 
dose of homografts from one rabbit and a second 
dose from another. Biopsy specimens were remove d 
at the 4th day and at the 8th in the usual manner. 


The specimens from one of the three animals were in all 
respects similar to normal, i.e. constant-donor, 2nd-set 
homografts: breakdown of the vascular system was pre- 
cocious, hyperplastic changes failed to occur, and no primary 
population of native leucocytes was established within them. 


Those from the second anima showed partial breakdown 
at the 8th day, to the accompaniment of hyperplastic 
changes never once seen in normal 2nd-set grafts (Pl. 5, 
fig. 55). Specimens from the third animal exhibited break- 
down of the violent type after the hyperplastic changes and 
the massive invasion of native leucocytes that are charac- 
teristic of lst-set high-dosage homografts. 


Evidently the immune reaction does not neces- 
sarily extend with equal vigour to skin from a graft 
donor other than that which generated the immune 
state. (These experiments have not been carried 
beyond the point necessary to establish a qualita- 
tive principle: they are of a type for which 
the use of genetically heterogeneous material is 
particularly ill-suited.) 


DISCUSSION 


The evidence presented above is consistent with a 
hypothesis first put upon a more than speculative 
foundation by Gibson (1942) and Gibson & Medawar 
(1843), namely, that the mechanism by means of 
which foreign skin is eliminated belongs in broad 
outline to the category of actively acquired immune 
reactions. The accelerated retrogression of 2nd-set 
homografts, here demonstrated on a scale which 
makes due allowance for the degree to which genetic 
variance governs the intensity of the homograft 
reaction, argues the existence of a systemic immune 
state. If the immune state were confined to the 
graft and its immediate neighbourhood, the homo- 
graft reaction and the inflammatory processes asso- 
ciated with it’should not vary, as they have been 
shown to do, with graft dosage. The dosage pheno- 
menon also points to a systemic reaction. 

The degree to which innate immunity may inter- 
vene is difficult to assess. The fact that even high- 
dosage homografts enter into the period of general- 
ized hyperplasia which is characteristic of autograft 
development, and that lower-dosage grafts proceed 
beyond it into the period of graft differentiation— 
in short, the fact that a serologically latent period 
exists—shows that innate immunity cannot play a 
decisive part in the mechanism of breakdown. If, 
moreover, ready-made antibodies were present in 
the tissue or body fluids, a second set of homografts 
would not be expected to behave much differently 
from a first, nor lower-dosage grafts to survive 
longer than the higher. It is noteworthy in this 
connexion that natural iso-haemagglutinins are not 
found in the rabbit (see the review by Wiener, 
1939, pp. 281-8); like the Rhesus antibody in 
human beings (Landsteiner & Wiener, 1940; Levine, 
1941), they may be called forth by active immuniza- 
tion. Innate immunity is not a sufficient explanation 
of tissue-grafting incompatibility (Wiener, 1939; 
Brown, 1941; Medawar, 1943). 

Much attention has been paid to the inflammatory 
process which accompanies the breakdown of foreign 
skin epithelium in rabbits. In rabbits, where the 
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reaction eventually proceeds to necrosis, it is the 
predominant histological feature of grafts; in the 
human being, though it exists, it is altogether of a 
lower degree of severity (Gibson & Medawar, 1943). 
The rabbit is known to be peculiarly susceptible to 
anaphylactic inflammation (the Arthus reaction), a 
phenomenon usually attributed to the meeting of 
antigen with antibody within the tissues. The in- 
flammation which accompanies the homograft reac- 
tion in rabbits is very probably of the anaphylactic 
type (Medawar, 1948). Yet, though all the ingre- 
dients of the inflammatory process are present— 
vascular and lymphatic proliferation, oedema, and 
the mobilization and deployment of mesenchyme 
cells of every type—the reaction is nevertheless 
atypical; for the lymphocyte takes the place of the 
polymorph in the ‘classic picture’. At no stage in 
the homograft, reaction has the polymorph been 
found to play an appreciable part (cf. Harris, 1941). 
It is as yet impossible to judge of the significance of 
this difference. If the lymphocyte is here directly 
concerned in the manufacture of antibodies (cf. 
Ehrich & Harris, 1942), then a particularly high 
proportion must be manufactured in the immediate 
neighbourhood of the grafts themselves. The local 
immune state (p. 192) is certainly more powerful 
than the systemic; but not as much more powerful 
as this hypothesis would lead one to predict. One 
must not, however, forget that a systemic lympho- 
cyte reaction in response to tissue homografts is 
superimposed upon the local (Blumenthal, 1939, 
1941). 

In many other ways the immune reaction is 
‘atypical’, i.e. does not conform to the clear-cut 
pattern defined by, for example, the bacterial anti- 
gens. The latent period that passes before the 
homograft reaction reaches its peak intensity may 
in high-dosage homografts be as short as 8 days. 
There are at least three possible explanations for 
this. One is that innate immune bodies do indeed 
play an appreciable part in the reaction; a second, 
that the immune reaction is partly short-circuited 


* by a very rapid manufacture of antibodies in the 


neighbourhood of the grafts. 


A third explanation is that the short latent period may 
later come to be regarded as the ‘typical’ one. The classic 
concepts of immunology have hitherto been based upon 
such gross serological disparities as those between the 
bacterial antigens and the organisms from which they elicit 
an immune reaction. It may in future prove that the more 
intimate, gene-determined reactions of tissue homografting 
have an equal claim to be considered ‘normal’ or basic. 
There should certainly be no attempt to force the homograft 
reaction into the stereotyped serological mould. 


A striking fact is that even when 2nd-set grafts 
are transplanted to the very positions occupied by 
1st-set grafts when their breakdown is complete, a 
period of 4 days may elapse before they, in their 
turn, are wholly destroyed. Its interpretation must 


await the discovery of what exactly, in foreign but 
homologous skin, is the antigen. If the antigen is 
intranuclear, then the antibody may have no oppor- 
tunity to exert its effect until the nuclear membrane 
is dissolved in the late prophase of mitosis; and 
mitosis—the part played by which was carefully 
distinguished, in the foregoing account, from mere 
amoeboid movements and changes of shape in the 
epithelial cells—contributes little or nothing to the ~ 
activities of graft epithelium until the 4th day has 
been reached. At all events, 2nd-set homografts 
never enter the characteristic period of generalized 
hyperplasia: they are finally destroyed just about 
when it is due to begin. 

The whereabouts of the antibody is equally con- 
jectural. Its free circulation in the blood stream 
may be doubted. Although the experiments are still 
in their early stages, I confirm Harris’s observation 
(1943) that cultures of donor tissue (in this case, 
donor skin) will spread freely and undergo mitosis 
in presumptively immune serum (Pl. 6, fig. 64). 
Donor skin incubated for 24 hr. with constant 
stirring in ‘immune serum’ will, moreover, resume 
normal growth and activity when transplanted 
thereafter as an autograft. Gibson (in unpublished 
experiments) has likewise failed to demonstrate 
complement fixation in the reaction between im- 
mune serum (from human beings) and cell suspen- 
sions of donor-skin epithelium. 

The possibility that antibodies. may be detected 
in the serum by biological tests when an intravenous 
route of immunization is used, has yet to be 
examined. Donor leucocyte concentrates may, for 
example, be used as immunizing agents. Technical 
difficulties may interfere with the use of epidermal 
cell suspensions for this purpose. 


One further experimental result remains to be discussed. 
Even when the other variables are controlled as carefully 
as is possible, the survival times of homograft epithelium 
differ strikingly from one pair of animals (donor and re- 
cipient) to another. It is a truism to say that this variation 
is genetic i origin, and that in accordance with Mendelian 
principles it has a combinatorial basis. The number of com- 
binatorial types of the hypothetical antigens available to 
the rabbit is such that in each of a total number of 98 trials 
the donor had an effective credit balance, and the foreign 
skin was destroyed. In arbitrary symbols, we may suppose 
that the antigenic make-up of donor and recipient are related 
to each other in this sort of overlapping way: 


ABCDEFGH 
EFGHIJ 


The ‘credit balance’ is here ABCD; for the reciprocal trans- 
plantation, donor and recipient being interchanged, it would 
have been JJ. A second donor, such as may be used to 
provide a 2nd set of grafts in place of the original, may 
share any or no one of the antigens ABCD with it. The 
vigour of the immune reaction cannot therefore be greater 
against grafts from a donor source other than the original; 
it may be equal to it, or it may be less. The experimental 


Donor: 
Recipient: 


- 
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results upon this score (p. 194) are fully consistent with this 
straightforward interpretation. 


SUMMARY 


1. An investigation into the behaviour and fate of skin 
autografts and skin homografts in rabbits is described. _ 

2. A technique of operation and of post-operative 
dressing has been employed, by means of which pinch grafts 
transplanted from the outer aspect of the thigh to the 
lateral wall of the thorax may be made to undergo full 
primary healing in 100% of cases. 

3. The evolution of autografts falls into a period of 
primary healing and vascularization; a period of generalized 
hyperplasia, in which all the cellular elements of the grafts 
participate; and a period of partially retrograde differentia- 
tion during which the grafts return towards the condition 
of normal skin. 

4, Homografts undergo normal primary healing in a 
latent period during which they provoke no specific reaction 
from their recipients. At some time thereafter, they are 
invariably destroyed. 

5. The evolution of homografts in high graft dosage 
(0-36-0-44 g. skin per rabbit) embraces the period of general- 
ized hyperplasia of autografts, but does not usually extend 
into the period of differentiation. New hairs do not mature 
and pierce the graft roof. 

6. The phenomena of acute inflammation are super- 
imposed upon the otherwise autograft-like behaviour of 
high-dosage homografts in the period of hyperplasia. 

7. The inflammatory process includes vascular and lym- 
phatic proliferation; a massive invasion of the grafts by 
lymphocytes and monocytes of native origin through the 
walls of the vessels within them; oedema of such severity 
that the graft bed may be distended by tracts of free 
fibrinous matter; and a general mobilization of mesenchyme 
cells. ; 

8. Inflammation reaches its peak, and passes into 
necrosis, with the stagnation and obliteration of the vascular 
system of the graft and the death of every cellular element 
within it. Homografts are then invaded anew by capillary 
vessels from the graft bed; lymphocytes and monocytes 
passing through their walls establish a secondary popu- 
lation of native cells within them. 

9. The intensity of the inflammation and its rate of 
development vary inversely with the time of survival of 
foreign skin epithelium. 

10. Disengagement and breakdown of the foreign epi- 
thelium begins in that which has spread from the graft, and 
extends thereafter to epithelium of the graft centre, to the 
accompaniment of a variety of non-specific pathological 
changes in the cells. The entire process of breakdown is 
complete within a compass of 4 days from start to 
finish. 

11. The median survival time of homografts is defined as 
that at which the foreign epithelium borne by 50% of the 
experimental animals has just broken down. 


12. The median survival time of homografts in high 


- graft dosage is 10-4+ 1-1 days. 


13. The survival time of homograft epithelium varies 
inversely with the dosage of foreign skin which an experi- 
mental animal receives. 

.14, The median survival time of homografts in initial 
dosage of 0-006-0:06 g. foreign skin per rabbit is 15-6+ 
0-9 days. The evolution of these lower-dosage grafts extends 
into the period of differentiation characteristic of autograft 
evolution. Newly formed hairs mature and pierce the graft 
roof. 

15. The median survival time of homografts transplanted 
to a freshly prepared raw area on the opposite thoracic wall 
16 days after a rabbit has received a Ist set of homografts 
in high dosage from the same donor is 6-0+0-6 days. The 
evolution of such ‘2nd-set’ homografts does not extend into 
the period of generalized hyperplasia: Inflammation is 
precocious in time of onset. : 

16. The accelerated retrogression of 2nd-set homografts 
has been demonstrated by a wholly independent test: one 
in which the survival of homograft epithelium is confirmed 
or refuted by transplanting a graft back to its donor after 
a varying period of residence on its original recipient as a 
Ist-set or 2nd-set homograft. : 

17. The accelerated retrogression of 2nd-set homografts 
does not necessarily extend with equal vigour to 2nd-set 
grafts derived from a donor source other than that which 
provided the Ist set. 

18. The breakdown of 2nd-set grafts which (cf. 15) are 


‘transplanted to the positions formerly occupied by grafts 


of the Ist set is far advanced, but not necessarily com- 
plete, within 4 days of transplantation. The local immune 
state adds little to the systemic. 

19. Analysis has been. made of the sampling errors of a 
variety of numerical estimates of survival time, intensity , 
of inflammation, extent of hyperplasia, and degree of 
differentiation. 

The differences between high-dosage and lower-dosage . 
grafts on the one hand, and between Ist-set and 2nd-set 
grafts on the other, are in each such respect greater than 
those for which the chances of random sampling provide 
a sufficient explanation. 

20. The reaction elicited by homografts is sharply and 
precisely specific to foreign as opposed to native skin. 

21. The mechanism by which foreign skin is eliminated 
belongs to the general category of actively acquired immune 
reactions. 

22. The inflammatory process which accompanies it has 
in all likelihood the character of a local anaphylaxis. 
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Explanation of key-figure. A diagrammatic median vertical section of (half a) pinch graft lying in situ upon the graft bed, 
with epithelium spreading from it over the outlying tissue. The panniculus carnosus bounds the specimen below. The 
topographical ‘relationships of the sections chosen for illustration can be ascertained by the use of the letters and 
numbers which identify the rectangles of the superimposed grid. Thus the graft roof is identified by the reference 1 A, 
the graft bed by 3A, the inner ring of new outgrowth by 1B and so on. 

All sections have been stained by Ehrlich’s haematoxylin, aqueous orange G, and alcoholic eosin, save where other stains 





are specifically mentioned. 


PLATE 1 

Figs. 1-3. The roofing epithelium of 4-, 8-, and 12-day auto- 
grafts respectively, illustrated by successive graft samples 
from a single animal. Note the swelling of the cells in 
the 4-day specimen (cf. fig. 29); their multiplication and 
vertical differentiation in the 8-day, and the retrograde 
simplification (e.g. to a single granular layer) of the 12-day 
specimen. Cf. Text-fig. 2 and figs. 6-9. (1A.) x 160. 

Fig. 4. The inner ring of epithelial outgrowth from an 8-day 
autograft, showing the vascular and fibroblastic reaction 
in the tissue surrounding the graft. (123B.) x60. 

Fig. 5. The outer ring of epithelium spreading from an 
8-day autograft: backward cuticularization, and some 
cellular abnormalities. (1C.) x 190. 

Figs. 6-8. General illustrations of the autograft roof in 
12-, 16-, and 24-day specimens successively removed 
from the same graft bearer. Note the progressive simplifi- 
cation of the epithelium (cf. figs. 1-3), and in particular 
the maturing follicles and the hypertrophied and now 
‘exploded’ glandular acini of the 12-day specimen, and 
the matured hairs and the deep indentations (here cut 


obliquely) of the graft roof in the 16- and 24-day speci- 
mens. The thinning of the roof epithelium is accompanied 
throughout by rich exfoliation of cuticle. (12A.) x45. 

Fig. 9. Cf. fig. 8. A 24-day autograft showing how the 
pattern of newly formed follicles conforms with that of 
the old, long since undermined and thrown off by amoe- 
boid and proliferative activities of the epithelium. 
(12A.) x17. 

Fig. 10. The primordia of new hairs and new depots of 
glandular epithelium in the dermis of an 8-day autograft. 
Note the delicate collagenous framework of new forma- 
tion. (2A.) x 190. 

Figs. 11, 12. Matured or maturing hairs in the dermis of 
a 16-day autograft. Each follicle has its own collagenous 
sheath, and each is united to its neighbours by delicate 
new collagen fibres in open packing. (2A.) x 190. 

Fig. 13. Differentiated vessels of the primary circulation 
in the lower reaches of the dermis of a 4-day homograft. 
The endothelial swelling is probably without specific 
significance. (2A.) x 190. 

Fig. 14. Stagnation and endothelial breakdown in the 
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primary blood vessels of an 8-day homograft which 
elicits a ‘violent’ reaction. Note the abundance of the 
vessels, which include arteries. (2A.) x55. 

Fig. 15. Stagnation of ‘wound vessels’ in an 8-day homo- 
graft. Their endothelial lining has disappeared, and 
leucocytes arrested within the lumen of the vessel are 
pyknotic or otherwise degenerate. (2A.) x 160. 


PLATE 2 


Fig. 16. An 8-day high-dosage homograft exhibiting the 
preliminary phases of a mild reaction of breakdown, the 
appearance at 12 days being illustrated by fig. 30, q.v. 
The graft roof has thickened and stratified, glandular 
epithelium has hypertrophied, and the primordia of new 
hair follicles are budding off from epithelium at the bases 
of the old. Note the wedge-shaped indentations of the 
roof. Superimposed upon this autograft-like activity, 
note the acute vascular proliferation and inflammation in 
the lower reaches of the dermis. A ‘primary’ population 
of native leucocytes is beginning to invade the graft, 
and the grossly enlarged lymphatics just below the graft 
roof already contain many degenerate cells. As yet, the 
fascial planes of the graft bed are undistended with 
oedema fluid. (123A.) x60. 

Figs. 17 a, 6. The ‘black band’ of gross localized cellular 
infiltration in the dermis of homografts which elicit a 
violent reaction: (a) on its first appearance at the 8th day 
and (0) its appearance thereafter at the 16th. In (a) the 
entire graft roof epithelium has separated simultaneously 
(see fig. 33), and in (6) it is-still present, ‘fixed’. (12 A.) 
17a x 17, 176 x 23. 

Fig. 18. The enlarged lymphatic vessels of homografts, 
now packed with pyknotic lymphocytes and containing 
mononuclear phagocytes, at a stage somewhat later than 
illustrated by fig. 16. The endothelium has disappeared, 
and the drainage of the vessel is presumably at a stand- 
still, (2A.) x 160. 

Fig. 19. The fascial planes of the bed of a homograft 
undergoing violent breakdown, now grossly distended 
with fibrinous matter: the ‘fibrin band’. (3A.) x45. 

Fig. 20. The ‘reorganization’ of the fibrin band (fig. 19) 
by the upgrowth of capillary vessels through it. These 
vessels subseqkently invade the underside of the dermis 
(fig. 21) and create its secondary vascular supply. (3A.) 
x 45. 

Fig. 21. A late (20-day) stage in the evolution of the 
homograft. The ‘superficial layers of the dermis above 
the level of the black band have been scraped away by 
repeated changes of dressings, and the deeper layers have 
been reinvaded by secondary vessels from the graft bed 
(fig. 20). Note the chronic inflammatory condition. 
Even the tissue spaces of the primary vessels are now no 
longer recognizable. (12A.) x60. 

Fig. 22. The blood vessels which secondarily invade the 
homograft (fig. 21) have new collagen laid down around 
them—the ‘secondary native collagen’—in fibres which 
are at first fine and wavy, as they are here. (Celestine 
blue and picro-fuchsin.) (2A.) x 160. 

Fig. 23. Inner and outer rings of the epithelium which has 
spread outwards from an 8-day homograft which elicits 
a mild reaction. (The graft centre is illustrated by fig. 16.) 


P; B. MEDaAwar 


No specific abnormality in the epithelium is as yet 
apparent. (123BCD.) x 23. 

Figs. 24, 25 and PI. 3, fig. 26. Successive stages in the break- 
down of homograft spread epithelium: lymphocytic 
aggregation (fig. 24) accompanied by oedema and vas- 
cular congestion becomes more intense (fig. 25) until 
(cf. fig. 28) the basal layer cells separate from each other 
and from the substratum (fig. 26). (1B or 1 BC.) Fig. 24, 
x70; fig. 25, x 55; fig. 26, x 75. 


PLATE 3 

Fig. 27. A coalesced sheet of autograft and homograft 
epithelium, at a critical stage in the reaction provoked 
by the latter. Substantially normal autograft epithelium, 
lying to the left, grades sharply (fig. 28) into the thinner, 
acidophilic, homograft epithelium, which is now be- 
ginning tomacerate. Lymphocytic aggregation is sharply 
localized beneath the foreign tissue. x 45. 

Fig. 28. The margin of coalescence illustrated by fig: 27, 
here in higher magnification. (Regaud’s haematoxylin.) 

x 145. ’ 

Fig. 29. Cf. fig. 1. The roof epithelium of a 4-day high- 
dosage homograft. Note the thickening, largely brought 
about by swelling of the cells; and the upward migration 
of follicular epithelium which brings the more superficial 
follicles towards the surface. (1A.) x55. 

Fig. 30. A ‘mild’ reaction of breakdown spreading in the 
roof of a 12-day high-dosage homograft. Some retrograde 
thinning-out of the roof epithelium has already occurred 
(cf. figs. 3, 6). Note the apparently greater resistance of 
immature follicular epithelium. There is no intense local 
aggregation of mesenchyme cells. (1A.) x45. (For the 
appearance at 8 days of the grafts borne by this animal, 
see fig. 16.) 

Figs. 31, 32. Details of the mild reaction of breakdown. 
The basal layer cells are beginning to separate from the 
tissue underlying them; pyknosis is the most prominent 
nuclear abnormality. (1A.) x 160. 

Fig. 33. Contrast with fig. 16 and with figs. 31, 32. A 
violent reaction of breakdown in an 8-day high-dosage 
homograft, taking place simultaneously in the whole graft 
roof. (See fig. 17a, of part of which this is an enlarged 
reproduction.) Note the pools of oedema fluid in the 
crests of the dermal papillae. (LA.) x75. 

Figs. 34-36. Cytological details of the violent breakdown 
reaction: from the specimen illustrated by fig. 33. Coarse 
fragmentation of the nuclei of the basal layer cells. 
(1A.) x380. 

PLaTE 4 

Fig. 37. A high-dosage homograft surviving to the 16th 
day. Note the retrograde thinning out of the roof epi- 
thelium (as in fig. 7), and the deep pockets which mark 
where the original hairs have been thrown off. No new 
hair follicles have matured. The dermal papillae are 
oedematous, but the inflammation, now reaching peak 
intensity is otherwise mild. (12A.) x18. 

Fig. 38. The undermining of a homograft by native epi- 
thelium at the junction between dermis and graft bed. 
(12AB.) x23. : soe 

Fig. 39. An advancing wedge of native epithelium under- 
mining a homograft somewhat above the level of the 
dermis—graft-bed junction. (23A.) x70. 
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Fig. 40. A slightly later development of the condition 
illustrated by fig. 39: the native epithelium has here 
infiltrated the foreign dermis from below upwards and 
established hair-follicle primordia within it. The pri- 
mordia lie in a collagenous framework of new formation. 
(23A.) x60. 

Fig. 41. The overgrowth of the homograft dermis by native 
epithelium, here in its very early stages. Note the forma- 
tion of hair-follicle primordia (cf. fig. 40). (12AB.) x50. 

Fig. 42. The persistent fibroblastic reaction and the general 
inflammatory state of the outlying tissue in a homograft 
operation field. (2BC.) x55. 

Fig. 43. The characteristic zonation of the outlying tissue 
in the homograft operation field: densely collagenized 
tissue, with proportionately reduced fibroblastic activity, 
below, grading upwards to less collagenized zones where 
fibroblasts are still active. Delicate granulation tissue on 
the surface. (123D.) x55. 

Fig. 44. A 12-day medium-dosage homograft at the critical 
period before breakdown. Retrograde thinning-out of 
the graft roof with rich exfoliation of cuticle (exactly as 
in figs. 3, 6); the maturation of hairs; and the ‘explosion’ 
of the larger glandular depots. The lymphatics have now 
lost their endothelial linings. (12A.) x55. 

Fig. 45. An 8-day low-dosage homograft, indistinguishable 
from an autograft. Note the thickening of the graft roof 
epithelium, and the wedge-shaped openings left by the 
upward migration of follicular epithelium. (12 ABC.) 
sy 

Fig. 46. A 16-day low-dosage homograft. The graft has 
differentiated fully, and new hairs have matured. Al- 
though the greater part of the spread epithelium persists, 
it is beginning to break down in small patches (e.g. at 
the junction between the graft and the outlying tissue). 
The graft is accordingly reaching a critical phase in the 
development of the homograft reaction, with a charac- 
teristically low inflammatory response. (12AB.) x17. 

Fig. 47. A 20-day low-dosage homograft in which, from 
histological appearances, breakdown is just complete. 
The inflammatory reaction is. characteristically weak, 
and some of the primary vessels of the graft remain 
patent. The graft roof has returned to the thickness of 
normal skin epidermis (cf. figs. 8, 9). (1A.) x55. 


PLATE 5 

Figs. 48, 49. The precocious breakdown of the primary 
vessels in a 4-day 2nd-set homograft. Small vessels have 
differentiated to form a ‘definitive circulation’ in the 
lower reaches of the dermis (fig. 49). Haemorrhage is 
prominent in fig. 49; but as fig. 48 shows more clearly, 
no significant number of native leucocytes have been 
ableto passthrough the vessel walls. Seefig.50.(2.A.) x 85. 

Fig. 50. A ‘typical’ 4-day 2nd-set homograft. The epi- 
thelium (fig. 51) is inactive; the dermis is swollen, haemor- 
rhagic, and blotched with broken-down primary vessels 
(fig. 49); and the graft bed is distended with fibrinous 
matter, now being ‘organized’ by the upgrowth of 
capillaries, (123A.) x 23. 

Fig. 51. The surviving roof epithelium of a 4-day 2nd-set 
homograft. The cells remain plate-like, and (contrast 
fig. 29) there is little appreciable cellular activity. (1 A.) 
x 145, 
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Fig. 52. The typical appearance of an 8-day 2nd-set homo- 
graft. No primary population of native leucocytes has 
invaded it, and even the tissue spaces of the primary 
vessels are now obliterated. The secondary invasion of 
capillaries from the graft bed is in progress. The graft 
roof, now broken down (fig. 53), had undergone no hyper- 
plastic or amoeboid activity. (12A.) x50. 

Fig. 53. Fragmentation of the epithelium of the 8-day 
2nd-set homograft roof (see fig. 52). (1A.) x 160. 

Fig. 54. The most advanced condition found in any 2nd-set 
homograft: the graft roof epithelium of the one specimen 
in which breakdown was not wholly complete at the 
8th day (Text-fig. 4). The amoeboid activities are fairly 
clear-cut, but the roof epithelium is little thickened, and 
vertical differentiation almost negligible. (1A.) x85. 

Fig. 55. An 8-day 2nd-set homograft from a donor other 
than the original: generalized hyperplasia, to the accom- 
paniment of acute inflammation within the graft, of a 
type unparalleled by normal (constant donor) 2nd-set 
homografts. (12A.) x23. 

Figs. 56, 57 and PI. 6, fig. 58. ‘Autohomografts’ showing 
complete (fig. 56, 12A, x23), ‘trace’ (fig. 57, 123 AB, 
x 55), and no survival (PI. 6, fig. 58, 123A, x 23). 
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Fig. 59. A 4-day local 2nd-set homograft, with its auto- 
graft control and the epithelium spreading from it. The 
homograft is now totally degenerate, though it still pro- 
vokes violent inflammation in the graft bed (the crater 
left after removal of the Ist-set graft, in the original 
position of which it lies). The autograft, planted in a 
neighbouring crater, is in anything superior to a normal 
one. Acute inflammation has subsided in its bed. Note 
that the autograft epithelium has very nearly reached 
the homograft (cf. fig. 62). x17. 

Fig. 60. Showing the total fragmentation of the epithelium 
of a 4-day local 2nd-set homograft. (1A.) x60. 

Fig. 61. As fig. 60, save that here some of the basal layer 
cells of the roof epithelium, which shows no signs of 
activity, are not certifiably ‘dead’: ‘99% breakdown’. 
(The autohomograft test shows that they are in fact 
alive.) (1A.) x60. 

Fig. 62. Overgrowth of a 4-day local 2nd-set homograft 
by native epithelium, within 4 days of planting (cf. 
fig. 59). The foreign graft roof has been wholly under- 
mined: in the section it appears suspended in mid-air 
above the graft. Note that the native epithelium at once 
establishes hair-follicle primordia in the foreign dermis. 
(12A.) x50. 

Fig. 63. A ‘mosaic’ graft (Text-fig. le) exhibiting very 
clearly the specificity of the homograft reaction: an 
autograft wholly surrounded and underlain by a larger 
homograft, in which breakdown is now complete. The 
autograft has survived and is beginning to invade and 
undermine the necrotic tissue around it. (123A.) 
x17. 

Fig. 64. An apparently normal mitosis—one of at least 
twenty counted in this specimen—in the follicular epi- 
thelium of a tissue-culture of donor skin in presumptively 
immune serum, withdrawn from a high-dosage homo- 
graft bearer 16 days after operation. x 290. 
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THE CRANIAL CAPACITY OF THE LIVING, CALCULATED AUTOMATICALLY 
BY A NOMOGRAPHICAL INSTRUMENT 


By G. F. HAMILTON, Department of Anatomy, University of Aberdeen 


To obtain a cranial capacity from the Lee-Pearson 
formulae within a minute, and automatically, is 
a great saving of time and labour. Arithmetical 
working and checking take at least 10 min., and 
even with the help of four-figure logarithm tables, 
4 min., this with all the attendant possibilities of 
error and fatigue from handling large series of 


numbers. This article describes an apparatus, - 


accurate to within 1 c.c. of the arithmetical answer, 
from which even an unskilled person can determine 
without fatigue and with little possibility of mistake, 
more than sixty capacities within an hour. More- 
over, since anthropometric measurements are 
usually taken by one observer and recorded by a 
second, the latter can determine the capacity from 
this device without loss of time while the observa- 
tions are actually being carried out. 

The Lee-Pearson formulae (Lee & Pearson, 1901), 
where L = cranial length in mm., B= cranial breadth 
in mm., and H=auricular head height in mm., are 

For males: cranial capacity in c.c.= 

0-000337 (Z—11) (B-11) (H-11) + 406. 

For females: cranial capacity in c.c.= 

0-0004 (Z—11) (B-11) (H-11) + 206-6. 

The mean error inherent in the formula is 3-4 % 
for any individual case. 

Both male and female formulae can be determined 
on the instrument here described, and the answer is 
at least as accurate as that obtained by using four- 
figure logarithms. It will usually be within 0-1 % 
of the capacity calculated arithmetically. 

The calculator, Figs. 1-8, has sliders on vertical 
scales, each slider bearing two marks, one for males 
and one for females. These marks are set opposite 
the correct numbers on the scales for cranial length, 
breadth and auricular heightin mm.,and the capacity 
in c.c. is read directly from the male or female scales 
respectively without any further manipulation. 
These latter scales do not differ in calibration but 
only in the numbers marked on them. 

I have omitted from the following theoretical 
description any formal argument, and have indi- 
, cated only the principal points. It should be easily 
followed by those to whom nomography is familiar. 

If five perpendiculars to AI (Fig. 4) are arranged 





so that a ; = ow , then it is easily 
shown that 

(p+q+r1r) GH=pAB+qCD+rIK, (i) 
and (p+q) EF=pAB+qCD. (ii) 


For females: calibrate AB so that for a value 


log (L-11) — 2k, 


ILmm. opposite B, AB= and 


calibrate CD and IK similarly for B and H, where 
9k, represents a constant for that scale. Similarly, 
make 


— ok 
GH= log N — 9k; 


eS: ont eee, 

pt+qtr pt+q 
When these are substituted in equation (i) it 
becomes 


log (Q— KQ) =log (Z-11) (B-11) (H-11) 
+ (Qk, — Qk, — Qk, — ks). 

If Qk, — Qk, — 9k, — ks = log (0-0004) (iii) 
and K2 = 206-6, 
Q is the capacity given by the Lee-Pearson formula. 
Similarly from (ii), if 

Qk; — Pk, — Pk, = log (0-004), 
then N=0-004 (Z-11) (B-11). 


For males: similar formulae are easily established, 
where 








(iv) 


3k, — 3k, — $k_— $k, =log (00003387) = (v) 
dks—3hy— 3h,  =log(0-00387), (vi) 
K3=406. 

As can be seen from the drawing of the apparatus, 
it is easier to set from marks above or below the 
actual point where the cross-line intersects the 
vertical. If these distances are d,/p for female, e,/p 
for male, etc., above this point, then 9k, and gk, 
must be replaced by 9h,’=9k,+4,, $k,/= 3k, +4, 
etc., in formulae (iii)-(vi). 

Now it is undesirable to engrave separate scales 
for male and female measurements, and this will be 
avoided if 9k,= 3k,, etc., ie. if gk,’ — 9k,’ =e,—4d,, 
etc. 

But from (iii) 

ky’ — 9k,’ — 2ke’ — Qkg’ = log (0-0004), 
and from (v) 
Sky! — 3ky’ — dk’ — 3k,’ = log (0-000837). 
So it follows as a necessary condition that 
(€4—d,) — (€, — 4) — (€g — dg) — (€, — 4s) = log Z55- (ix) 

By this a wide choice is allowed, for obviously 
the male and female setting marks can be made to 
coincide if Se 

Shy’ — Qkg’ = ey — dy =log Fos» 
for then e, can equal d,, etc., and if two scales are 
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(viii) 
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calibrated for male and female capacities, only one 
reading mark is required. This makes a very simple 
foolproof instrument, but has the disadvantage that 
in addition to calibrating an extra scale, the ap- 
paratus is slightly longer than when riders are used, 
for these can be engraved with the highest numbers 
of each scale in reverse and the verticals shortened 
by almost (e, — d,)/p, ete. 

The choice actually made was that there should 
be but one mark for the capacity and that only 
one capacity scale should be calibrated. This means 
that gk,=Qk,, i.e. that d,=e,; riders were used on 
the other verticals. 

Here a limitation should be noted that, for 
mechanical reasons, (e—d) must not exceed the 
logarithmic value of 


maximum male reading/maximum female reading, 
or of 
minimum male reading/minimum female reading. 








G. F. HAMILTON 


\ 





of logarithms the readings are as accurate as when 
four-figure logarithm tables are used. This was 
the scale employed and the ratios were p/q=1, 
1/(p +q)=4. When the various maxima and minima 
desired are decided, these, together with the accuracy 
required, determine the size of the instrument, and 
the various constants are easily selected because a 
considerable variety of choice is allowed. 

The mechanical problems involved are those of 
providing a joint at which a crossbar can slide and 
also swivel on a. vertical slide. The vertical and 
horizontal lines through the centre of this joint are 
the lines from which all measurements must be 
made. Five-figure logarithms were used to calibrate 
the scales. This ‘evens out’ the jumps present in a 
four-figure table and therefore increases the ac- 
curacy. The minimum female values can be taken 
as origins, and by setting the apparatus the origins 
of the capacity and correction scales can be marked 
without calculating them. 
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if 


tae 4g 
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Fig. 4. 


Each of the setting scales can be brought to the 
same actual length irrespective of their ranges by 
a suitable choice of p, q and 7, but as the height 
scale, with the lowest arithmetical numbers, has the 
greatest logarithmic length, a further device can be 
used to lop off, as it were, both ends of this scale. 
For 

Q—K=0-0004 (Z-11) (B-11) (H + 10-11) 

+ 0-004 (Z—11) (B-11), 
ie. (true capacity) = (capacity read when H + 10 is 
used instead of H) + N (the reading on scale EF). 

This scale can therefore be used as a correction 
for the relatively few cases beyond either end of a 
shortened height scale. 

The actual size of the apparatus is, of course, 
determined by the accuracy desired in the answer. 
When on the capacity scale 1 mm. represents 0-0003 


SUMMARY 


An apparatus is described by which it is possible to 
evaluate rapidly, accurately and easily the Lee- 
Pearson formulae for cranial capacity. The mathe- 
matical theory of the instrument is summarized in 
a general form, and the necessary conditions stated. 
The possible choices are indicated as well as some 
of the mechanical considerations that govern these 
choices. The apparatus actually constructed was 
designed to fit the following limitations (measure- 
ments in mm.): 


Auricular 
Head length Head breadth head height 
ramen aieecamen eee TR So 
Max. Min. Max. Min. Max. Min, 
Male 212 180 169 142 160 117 
Female 203 171 163 137 151 108 


Only one capacity scale was calibrated, but the 
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correction scale was used for the extremes of 
auricular head height. The apparatus is accurate to 
within 1 c.c. of the arithmetical answer. 

It is interesting to note that an apparatus 
accurate to within 4% (sufficient for many pur- 
poses) could be made about 6 in. square. 


I want to thank Prof. Lockhart of this Depart- 
ment for his encouragement to convert an abstract 
idea into a practical instrument which has already 
proved its utility, and Mr A. Cain, technician, for 
so ably executing the final design. 
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IN MEMORIAM 


D. M. SAMUEL, M.B., B.S. 


Mr D. M. Samuel died suddenly at Cambridge on 
22 November 1943 at the age of 29. 


He came to the Medical College in October 1930, 
having gained the Arts Entrance Scholarship. In 
the following year he won the Junior Scholarship 
in Chemistry, Physics and Biology. After passing 
the 2nd M.B. examination he proceeded to the 
Primary Fellowship course and passed the examina- 
tion in June 1934, at the early age of 20. He quali- 
fied L.R.C.P., M.R.C.S., in April 1986, and M.B., 
B.S. (London), in November of the same year. 

After holding two House appointments in St 
Bartholomew’s Hospital he was appointed a 
Demonstrator. in the Department of Anatomy. 
Subsequently, after the outbreak of the present war, 
he was appointed Acting Senior Demonstrator. 

Samuel had decided to make Anatomy his career; 
while he was a member of the staff of the Anatomy 


Department of the Medical College of St Bar- 
tholomew’s Hospital, he had acquired an extensive 
and accurate knowledge of the different branches 
of the subject. He was specially interested in the 
early stages of mammalian development; a pre- 
liminary account of his investigations was pub- 
lished in the Journal of Anatomy in January 1942. 
He left in manuscript a paper in which he describes 
a valuable method for the embedding and sectioning 
of mammalian ova. This paper is published else- 
where in this Journal. 

Samuel was a very agreeable, conscientious and 
helpful colleague; his teaching was always clear, 
concise and direct, and was much appreciated by. 
the students, whom he was always willing to help. 

To his parents, two brothers and sister we extend 


our sincerest sympathy. 
W. J. H. 
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